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The Isolation and Chemical Properties of Trichothecin, 
an Antifungal Substance from TrichotheCium roseum Link 

By G G FREEMAN and R I MORRISON 
Imperial Chemical Industries, Ltd , Nobel Division, Research Department, Stevenston, Ayrshire 

(Received 4 June 1948) 


Antagomsm between Tnch othecium roseum Link and 
vanoiis fungi pathogenic to plants has been reported 
by Whetzel (1909), Bonmg (1933), Koch (1934) and 
Greaney & Machacek (1935) Culture filtrates of T 
roseum have been shown to mlubit germination of 
Botrytia aUii comdia (Brian & Hemming, 1947) A 
preliminary account of the isolation and properties 
of tnchothecm, an antifungal compound firom Tri- 
chothecium roseum, has been given by Freeman & 
Morrison (1948) The present paper gives a detailed 
descnption of the isolation and properties of the 
antifungal compound 

EXPERIMENTAL 
Strains of Tnchothecium roseum 

The strains used m this work were typical cultures of T 
roseum and were isolated m the laboratory mamly from dead 
wood collected locally The strams are dirtmgmshed by their 
laboratory catalogue numbers The cultures are descnbed 
in detail by Freeman & Momson (1949) 

Isolation of trichothecin 

Medium The foUowmg medium was used for production 
of tnchothecm It is based on the formula of Czapek (as 
modified by Dox, 1910) , ammomum tartrate has been sub 
rtituted for NaNOj as source of N, and com steep hquor has 
^n added as a supplementary nutnent (Freeman & 
Momson, 1949) 

Ammomum tartrate 20g 


MgSO, 7HjO 0 6 g 

KsHPO^ 1 0 g 

KCl 0 5 g 

FeS04 7H,0 0 01 g 

Glucose 50 g 

Com steep hquor 10 ml 
Water to 1000 ml 


Crude commercial glucose (‘glucose chips’) was found to 
DC satisfactory for this purpose The medium (800 ml ) was 
^cnlizcd by autoclavmg in ‘ Glaxo ’ bottles (Clayton, Hems, 
0 inson, Andrews &, Hunwicke, 1944) The reaction was 
a justed to pH 6 0 Each bottle was moculated with 1 ml 
o a spore suspension from a test-tube slope culture (about 
< n\8 old) of T roseum F 227 on beer-wort agar medium 
the cultures were incubated at 25“^ for 28 days in darkness 
i.xtracJion and isolation At the time of harvestmg, tneho- 
ecin concentration in the culture filtrates was determined 
hiochem 1949, 44 


by the PemciUium digiiatum spore germmation method 
(Freeman & Momson, 1949) The cultures were filtered, the 
mycelium washed with a httJe water and the filtrates and 
washmgs frurn a batch of bottles (usually about 40) combmed 
for chloroform extraction The filtrates were clear atid brown 
m colour, they were readily filtered through paper The 
filtrate m lots of 1 1 was twice extracted wnth chloroform 
(200 ml ) The extracted hquor was free from antifungal 
activity as determmed by the P dtgUaium spore germination 
method The chloroform extracts were combmed and 
evaporated to dryness under reduced pressure The dried 
extract from 16 1 of culture filtrate was obtamed as a brown 
gummy sohd (2 166 g ) which was fractionated as shown in 
Fig 1, frirther details of the chromatographic techmque 
are given below 

In one expenment, the combmed extracts from 84 1 
(7 885 g ) were dissolved m ether (25 ml ) and poured on to 
a column (30 cm long x 2 2 cm diam ) of activated alumma 
The column was developed with ether and the eluate col- 
lected m 100 ml fractions Practically the whole of the 
antifungal substance was contamed m fractions 1, 2 and 3, 
which gave dry weights of 1 392, 3 196 and 0 433 g re- 
spectively The fractions were dissolved m a 9 1 (v/v) 
mixture of hght petroleum (b p 60-80°), and chloroform 
(100 ml ) on a steam bath After 18 hr at 20°, crystaUme 
precipitates of an mactive compound (H) were separated 
off On evaporation to dryness, the combmed filtrates gave 
analmost colourless syrup (4 292g ) The latter was dissolved 
m carbon tetrachloride (25 mL), and poured on to an 
alumma column s imil ar to that described above The 
chromatogram was developed with a mixture of chloroform 
and carbon tetrachlonde (1 1) and the eluate collected m 
60 ml fractions On evaporation to dryness, the tnchothecm 
frractions ciystallized as fine, colourless needles (3 472 g ) 
Becrystallization fium hot hght petroleum (b p 60-80°), 
gave pure tnchothecm (3 015 g ), m p 118° (All meltmg 
points are corrected ) Yield about 36 mg /I of culture 
filtrate Details of the recovery from three batches are given 
m Table 1 

Properties of trichothecin 

Biological The antifungal activity of tnchothecm is ex- 
hibited against Fungi Imperfect 4 Zygomycetes and Asco 
mycetes The growth of each of some 26 species belongmg to 
the above classes was m some degree mhibited (Freeman & 
Momson, 1949) At a concentration of 400 mg /I and 
pH 7 0, tnchothecm was mactive agamst Staphylococcus 
aureus. Bacillus subtilis and Escherichia colt 

Chemical and physical Tnchothecm crystallizes from 
light petroleum m long fibrous needles, m p 118° It is 
readily soluble m chloroform, ethanol, acetone and benzene. 
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1949 


Culture filtrate (10 1 ) 


Chloroform extraction 


Extract (2 105 g ) 

DissoEed m cliloroforin (5 ml ) 
and treated uith excess ether 
(100 ml ) 


I 

Residual liquor rejected 


Extract I 

Evaporated to drvncss gave Precipitate rejected 

2 149 g residue, dissolved in 
chloroform ('i ml ) and diluted 
with light petroleum, b p 00-80’ 


(100 ml ) 


Extract 

Evaporated tq dryness gave clear 
vellow sv nip (1 337 g ) 


Precipitate 

Dissolved in chloroform (5 ml ) 
and diluted with light 
petroleum (100 ml ) 


Extract Precipitate (I) 

Evaporited todrvness 
gnve0 340g residue 


Combined extracts (1 677 g ) 
Chromatographed in ether 
solution on AI.O 3 


Combined antifungal fractions (1 008 g ) 
Dissolved in boiling light 
petroleum chloroform and 
allowed to cool 


Extract Crystalline precipitate (II) 

Ev aporated to drj ness gave (0 155 g ) 

0 913 g residue Dissolved m 
CCI4 and chromatographed on 
AI3O3 

Tnehotheem (0 738 g ) 

Fig 1 Isolation of tnehotheem 


Table 1 Summary of data on recovery of tnehotheem from batches of culture filtrate 



Time of 

Vol of 
cnlture 

Dry wt 
of 

Tnoho 

theom 

Total 

tnoho- 

theem 

cale 

Wt of 
chloroform 

Wt of 
tneho- 
theem 

Tnchot 

e 

From 

culture 

Batch mcubation 

filtrate 

myoehum 

assay 

from assay 

eirtraet 

isolated 

filtrate 

no 

(days) 

0 ) 

(g) 

(ragtl) 

(g) 

(g) 

(g) 

(mg A) 

1 

14 

84 



47 

3 96 

16 88 

3 01 

36 8 

2 

28 

78 

716 

62 

484 

21 23 

3 20 

41 0 

3 

28 

78 

939 

64 

4 99 

23 98 

342 

43 8 


Assay 
(%) 
76 1 
66 1 
68 6 
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slightly soluble m hght petroleum and very shghtly soluble 
m -water (400 mg /L at 26°) It is optically active, [a]”’ + 44° 
(c, 1 m chloroform) The compound contains no halogen, 

S or N Micro analyses (Weder and Strauss) Pound C, 
68 6, 68 7, 68 8, H, 7 2, 7 3, 7 4, mol wt (Hast), 278 
CijHioO^ requires C, 68 2 , H, 7 6 , moL -wt , 264 CisHigO* 
requires C, 68 7 , H, 6 9 % , mol -wt 262 
There is no evidence of the presence of free carboxyl, 
hydroxyl, alkoxyl or aldehydio groups m the molecule 
The presence of a ketomc group is mdicated by reactions 
■with hydroxylamme, semicarbazide and 2 4-dimtrophenyl- 
hydrazme The oxime and semioarbazone -were not -well 
characterized crystaUme derivatives 

Trichothecin 2 i-dtn%tropJienylht/drazoru Tnchothecm 
(0 13 g , 0 6 mmoL) -was dissolved m ethanol (2 mL) and 
mixed -with 2 4-dimtrophenylhydrazme (0 1 g ) which had 
been dissolved m cone HjSO« (0 3 ml ) and diluted -with 
ethanol (2 ml ) After 18 hr at 20° the mixture was diluted 
■with 2 ii-HjS 04 (10 ml ) and extracted -with ether (20 ml ) 
The extract was -washed -with 2 it-B[jS 04, then several times 
■with water and dried over anhydrous NajS04 After filtra- 
tion and concentration to 10 ml the solution was chromato- 
graphed on a column of activated alununa The mam 
fraction (orange band) was elnted -with ether and recrystal- 
hzed from mdustnal spirit as orange needles (0 166 g ), 
mp 191-193° A second reorystaUizationfixim ethanol gave 
the hydrazoTie, m p 200° Found C, 67 8, 68 6 , H, 6 3, 6 6 , 
N, 10 6, 12 6 requires C, 66 9 , H, 6 4, N, 12 6 % 

The presence of ethylemc unsaturation was mdicated by 
reduction ofKMnO^ma cold acetone solution of tnchothecm. 
There was, ho-wever, no reaction -with Br, m carbon tetra- 
chlonde Microhydrogenations of tnchothecm m acetic acid 
solution were earned out m the presence of Pd black catalyst 
and Adams’s platmum oxide catalyst With the Pd ca-talyst, 
tnchothecm (3 266 mg ) absorbed 0 670 ml H, at 744 mm / 
18°, absorption was complete m 36 rmn Number of double 
bonds =1 89 With the Adams platm-um oxide catalyst, 
tnchothecm (3 240 mg ) absorbed 0 600 mL H, at 742 mm / 
20°, absorption being complete m 20 mm Number of double 
bonds = 1 98 (The authors are grateful to Prof J W Cook, 
m whose laboratory these determinations were made ) Two 
molecules of Blj were absorbed m the presence of each of 
the catalysts This is consistent -with the presence of con- 
jugated carbonyl and ethylemc groups 
Tnchothecm (1 00 g ) m absolute ethanol (60 ml ) was 
catolytically reduced at 760 mm /20° m the presence of 
Adams’s platmum oxide catalyst (0 02 g ) Hydrogenation 
was complete after 36 mm when 220 ml of H. (119% of the 
theoretical) had been absorbed The product (1 021 g ) -was 
a colourless s-vmp, which did not crystallize 

Determmation of methyl groups attached to carbon 
(Wcilcr and Strauss) gave (C^CH,, 16 4, CuHii04(CH3)3 
requires 17 0% Methoxyl detennmation gave OCH3, 
0 24°'o Theoretical for 1 OCHj/mol (Ci5Hio04), 118% 

All-aUnc hydrolysis of irichofhecin Tnchothecm (0 100 g ) 
■was heated under reflux -with ethanohe K.OH (20 ml , approx 
0 In) After 3 hr the solution was cooled, dduted -with 
water (10 ml ) and titrated vnth 0 lx HCl usmg phenol- 
phthnlem ns mdicator 'Tlio titration difference -was 3 76 mL 
0 lx acid, which corresponds to an eqmvalent of 266 
(theoretical for 1 potential carboxvl group per molecule 
(CnHjoOi), 264) 

Excess acid was added and the bulk of the ethanol 
removed b\ distillation under reduced pressure 'The residue 
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was diluted -with water (10 ml ) and twice extracted -with 
chloroform The extract was washed, dned over anhydrous 
NajSO* and evaporated to dryness The residue (0 091 g ) 
■was a pale yellow syrup which crystallized on cooling On 
recrystallization from a mixture of benzene and hght 
petroleum, b p 60-80°, it was obtamed as colourless prisms, 
m p 181° The product was readily soluble m chloroform, 
and only shghtly soluble m ether The reactions of the 
compound showed that a ketomc group was present Found 
C, 67 8, 67 9, H, 7 6, 7 3, mol -wt (Hast) 212, 299 C15HSS0O4 
requires C, 68 2 , H, 7 6 , mol ■wt 264 

Oxidative degradation Attempts to obtam charaotenstio 
degradation products by oxidation -with various reagents 
such as EMnOi, KjCr,0,, KBrO^ lead tetra-acetate and 
SeO* have so far been unsuccessful Although oxidation 
usu^y took place, the products resisted attempts at 
crystallization or purification Further work is being done 
on these hues 

Stability of tnchothecm The reaction of aqueous solutions 
of tnchothecm (20 mg /L) was adjusted to pH 1 and 10 by 
addition of HCl and NaOH, respectively After suitable 
mtervals, the solutions were neutralized and tnchothecm 
concentration detenmned by the PeniciUium digitatum spore- 
gennination method There was no significant loss of acti-vity 
at 20° after 48 hr at pH 1 and 10 At pH 12, the antifungal 
activity was completely destroyed m 6 hr at 20° The rate 
of macti-vation of tnchothecm at pH 12 and 20° corre 
sponded to that of a first order reaction m which h was 
approximately 0 01 Aqueous solutions of the antifungal 
substance at pH 7 showed no detectable loss of activity after 
Ihr at 100° 

Cavalhto & Bailey (1944) reported that a number of 
antibiotics such as ghotoxm, patulm and pemcilhc acid were 
maoti-vatedbyoysteme Addition ofeysteme (30-1000 mg /I ) 
to a solution of tnchothecm (0 625 mg /I ), which pemutted 
germination of 6 % of P digitatum spores m 18 hr , had no 
effect on the number of spores which germmated 

Ultraviolet absorption spectrum The folIo-wing mam 
absorption bands were observed -with chloroform or hexane 
solutions of tnchothecm, (1) broad shallow band at 334 mp , 
■with molar extmction coefficient e, 44, (u) mtense band at 
220 mp., e, 10* Ethanol solutions exhibited the follo-wmg 
absorption hands, (1) broad shallow band at 325 mp. , e, 37 , 
(u) mtense band at 230 mp., e, 10* 

The alkalme hydrolysis product from tnchothecm (m 
chloroform or ethanol) exhibited the following absorption 
bands, (1) mtense band at 230 mp ,e, 10*(basedonamoL-wt 
of 262) , (u) shallow, broad band at 339 mp , e, 49 The 
position of the bands was not altered by a change of solvent 
fixim ethanol to the less polar solvent chloroform Band (1) 
IS attnbuted to the presence of an ethylemc linkage and 
band (u) to a ketomc group 

Infrared absorption spectrum The infrared absorption 
spectrum showed a group of characteristic bands at 815, 
847, 9<0, 1080, 1180 and 1290 cm These should be useful 
m charactenzmg the compound C — -H bond bendmgs were 
shown at 1367 and 1460 cm Strong absorption m the 
region 1645-1700 cm mdicated the presence of carbonyl 
groups and an ethylemc group Separate bands occurred at 
1645 cm -■! (unsaturation), and 1677 and 1698 cm.-i (car- 
bonyl groups) C — H bond stretchmg, near 2900 cm -1, 
was shown, but there was no mdication of the presence 
of hydroxyl groups There was no trace of benzenoid 
absorption 
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G G FREEiMAN AND E I MORRISON 
DISCUSSION 


It 18 concluded tlmt tncliotliecm is responsible for 
the antifungal properties oxhibitod b^ culture 
filtrates of Tnchothccnnn rosewn Tnchothecin 
isolated by the process described accounts for about 
70% of the fungistotic activity of the culture 
filtrates ns determined b}' the PctnciUtrnu digitatum 
spore germination method (cf Table 1 ) None of the 
fractions obtained m the fractionation described in 
Fig 1 exhibited significant antifungal actn ity apart 
from the trichothecin-contninmg fractions Crystal- 
line products ha\ e been isolated from fractions I and 
II and anil bo described in a later paper, they aero 
devoid ot antilunga or antibacterial actiMt}' In the 
chromatographic separations, onlj' the trichothocin- 
containmg fractions inhibited germination and 
groad,h of P dxgitatum 

The molecular structure of tnchothecin is not jet 
knoam The analj-tical data are in good agrooment 
anth the molecular formulae, CuH^O^ and CisH;o 04 , 
of which the latter is preforred There is at present 
insufficient e\ndenco to decide beta eon these alter- 
natives Tlie molecule has been shown to contain one 
ketomc group, one ethylemc group and three methjd 
groups attached to carbon Other functional groups, 
such as free carboxyl, hydroxyl, alkoxyl and alde- 
hydic groups, have been shoaTi to bo absent On 
hydrolysis with ethanohe potassium hydroxide, tn- 
chotheem combmed ivith one equivalent of the 
alkali, mdicating the liberation of one carboxjd 
group It has not been possible to isolate the corre- 
spondmg acid, smee on acidification a neutral com- 
povmd, probably isomeric with tncliotliecm, was 
formed This compoimd, which had no antifungal 
properties, differed from trichothecm m contaimng 
unconjugated ketomc and ethylemc groups 

The ultraviolet absorption spectrum of tricho- 
thecm contamed two mam bands which corresponded 
closely with the bands m the spectra of unsaturated 
aldehydes and ketones referred to by Marrison ( 1 947) 
as the R and K bands In conjugated systems of this 
type the position of the bands is influenced by the 
polarity of the solvent Change from a relatively 
non-polar solvent such as hexane or chloroform to 
a polar solvent such as ethanol results m a shift of 
the R band to shorter wave lengths whilst the K band 
moves towards the longer (Mamson, 1947) This was 
the case with the tnehotheem spectra, which m- 
dicates that the ethylemc and carbonyl groups m the 
molecule are conjugated with respect to each other 

The aUcalme hydrolysis product, on the other 
hand, had a spectrum m which the correspondmg 
bands were not altered m position by a change m 
solvent from chloroform to ethanol These bands are 
attributed to the presence of unconjugated ethylemc 
and ketomc groups The chemical evidence denoted 
the presence of a ketomc group The effect of alkah 
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18 mtorproted os duo to the opening of a lactone ring 
withformationofthopotassiumsalt Theocidequiva 
lout of the alkali used m the reaction corresponded 
to tho formation of one carboxjd group per molecule 
On reacidification, a non neutral compound was 
formed, isomeric vith tncliotliecm, m u Inch uncon- 
jugated kotonic and othjdemc groups were present 
Infrared absorption-spectrum observations con- 
firmed the conclusions drawn from the chemical 
and iiltrai lolot data that carbonyl groups and an 
othj lomcgroupworopresont Tho infrared absorption 
data also indicated the absence of hj’^droxjd groups 
and bonronoid structures Tho presence of carbon 
mothjd groups and other linkages was suggested 
Tncliothoein has been shown to be fairlj’^ stable 
at pH 1-10 ot ordinarj’^ temperatures At pH 12, 
hj drolj'sis, follomng a imimolocular reaction course, 
took place mth virtually complete loss of antifungal 
activitj’- m 0 hr at 20° The inactivation was 
irro\ ersiblo At pH 7 0, trichothecm was not 
dostroj'cd m 1 hr at 100° Those data suggest that 
the antifimgal compound may persist sufficiently 
long imder natural conditions to mfluence the 
growth of certain fungi and lead to the antagonism 
botneen Tnchothccitwi roseiim and other fungi 
mentioned m the introduction 

TJie antifungal activity of tnchothecin does not 
appear to depend upon its intervention m a metabohe 
reaction mvohnng SH groups, smee its activity is 
unaffected by the presence of a large excess of cys- 
teine Further work on the structure of tnchothecin 
IS proceeding 

SUMMARY 

1 The isolation of trichothecm from the culture 
filtrate of Tnchothecium rosewn is described The 
antifungal compound was extracted with chloro- 
form and purified by fractional precipitation and 
chromatographic separation on alumma 

2 Tnehotheem crystallized from hght petroleum 
m long fibrous needles, m p 118°, -f 44° (c, 1 m 
chloroform) The analytical data were consistent 
with the molecular formula C 15 H 18 O 4 or CisHjjoOi 

3 The compound was a neutral, unsaturated 
ketone m which the carbonyl and ethylemc groups 
were conjugated 

4 Hydroxyl and alkoxyl groups were shown to be 

absent The presence of tliree carbon-methyl groups 
per molecule has been estabhshed 

5 Trichothecm was found to be relatively stable 
in acid solution and at pH 10, but at pH 12 hydro - 
Ij'sis took place with liberation of a carboxyl group, 
subsequent acidification led to formation of an 
mactive neutral ketone 

We wiah to express onr thanks to Dr N F H Bnght lor 
the ultraviolet absorption data, to Mr K S Tetlow for the 
infrared absorption data, and to Mr A J BaiUie and Miss A 
McCann for their assistance in the preparation of the tncho 
thecin used in this work 
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The Nucleoprotein Content of Fibroblasts Growing in vitro 

4 CHANGES IN THE RIBONUCLEIC ACID PHOSPHORUS (RNAP) AND 
DEOXYRIBONUCLEIC ACID PHOSPHORUS (DNAP) CONTENT 

By J N DAVIDSON, I LESLIE and CHARITY WAYMOUTH (Beit Memonal Reseaxch Fellow), 
Biochemistry Department, St Thoma8‘‘8 Hospital Medical School, London, S E 1 

{Received 30 April 1948) 


In the earher papers of this senes (Davidson & 
Waymouth, 1943, 1946, 1946) an account has been 
given of the conditions under which it is possible to 
record an increase in the nucleic acid content of 
chick-heart fibroblasts growing in intro Usmg the 
roller-tube techruque of Willmer (1942), appreciable 
increases in the total nucleic acid phosphorus (NPP) 
of the fibroblasts have been obtained when the 
cultures were planted m fowl plasma and allowed to 
grow m cluck embryo extract Defatted chick- 
embryo extract and fowl plasma, either together or 
separately, produced smaller mcreases m nucleic 
acids measured over 48 hr periods, and led to a more 
rapid deterioration of the cultures (Davidson & 
Waymouth, 1946) Loss of nucleic acid was shown 
to occur over the 2 days following plantmg, and was 
greater for cultures m Tyrode solution than for those 
m embryo extract However, the mcrease foUowmg 
addition of embryo extract to the cultures m Tyrode 
was as great 2 daj^ later as in the case of cultures 
prondod with embr jm extract tlrroughout As a rule 
increases m NPP were greater for higher than for 
lower concentrations of embryo extract 

Schmidt & Thannliauser m 1945 pubhshed their 
method for determuung the amounts of ribonucleic 
acid (RNA) and deox\Tibonucleic acid (DNA) m 
tissues (Schmidt & Thannliauser, 1945) Tins 
method has been adapted for estunatmg the phos- 
phorus content of each acid after separation, and it 
has been possible to follow changes m these two com- 
ponents 111 the fibroblast cultures, and to mi estigate 
the relationship between growth and the total 
nucleic acid phosphorus (NPP), the ribonucleic acid 
pho'qihoms (RNAP) and the deoxyribonucleic acid 


phosphorus (DNAP) Althougli Wdhner (1942) and 
Cunnmgham & Kirk (1942) proposed that growth 
m tissue cultures could be measured by determuung 
the NPP content of cultures at different stages of 
development, they did so before it had become clear 
that there were two types of nucleic acids m each 
cell, the more abundant one usually being the ribo- 
nucleic acid of the cytoplasm and nucleolus, the 
other, the deoxyribonucleic acid, bemg apparently 
always confined to the nucleus 

In the tissue -culture techmque which we have 
employed, it is possible to select a basal stortmg level 
of NPP accordmg to the number and size of the 
cultures employed From the tune when growth- 
promotmg medium is added to the cultures, changes 
m the amoimts of phosphorus from both types of 
nucleic acids can be measured at varymg mtervals 
of tune Smee the tissues are m a resting state before 
addition of growth -promoting medium, and the pro- 
duction of new tissue is m abeyance, it is reasonable 
to suppose that if one nucleic acid is the precursor 
of the other, then it will be the first to appear m the 
growmg cultures In this work we have been able to 
show that an mcrease m the RNAP always precedes 
by relatively long mtervals any mcrease m DNAP 
If the assumption that the P content of the nucleic 
acids IS mvanable is justified (ashas been questioned , 
Wiame, 1946), the synthesis of RNA appears to be 
established before that of DNA 

Our observations on the changes occurrmg m both 
the RNAP and the DNAP dmmg growth of fresh 
embryo-heart cultures have confirmed the general 
findmgs of Brues, Rathbun & Colm (1944) and have 
enabled us to find satisfactory conditions for growth 
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witli the roller-tube method Although with our 
origmal teclmique an mcrease m RNAP could 
always be obtamed m growth-promoting media, a 
sustamed and substantial rise m DNAP only 
occurred when the modification was mtroducod of 
cuttmg the mdi\ndual explants small enough to 
reduce to a minimum loss of material by coll 
destruction at the centre 

lEETHODS 

TVesli esplants of 12 day chick embrj o heart nero grown in 
plasma clot m roller tubes (WiUmer, 1942), tlio tccliniquo 
which has been employed in the earlier oxpenments of this 
senes (Davidson <5L Wajmiouth, 1943, 1945, 1940) Each 
roller tube contamed 24 pieces of tissue m three rows of eight 
and embedded m clots of 0 1 or 0 05 ml plasma per row 
accordmg to the size of cultures employed The growth 
promotmg medium was either embiy'o extract alone or a 
mixture of embryo extract and serum In each case 0 6 ml 
was allocated to each roller tube, and in oxponments r unn ing 
over long penods, the fluid phase was renew cd every 24 hr 
Prehmmary expenments showed that in control cultures m 
Tyrode solution the ENAP and DNAP fell to a steady level, 
which we have termed the restmg state In all the sub 
sequent tests, the cultures were mamtamed for at least 20 hr 
in Tyrode solution before the addition of growth promoting 
medium 

Preparation of groioth promoting media Embryo extract 
(EE) was prepared from 12-day chick embryos by the 
method already desenbed (Davidson & Waymouth, 1943) 
(total N, 50-90 mg /lOO ml ) In the preparation of the 
embryo extract-serum mixture (EES), 4 ml of the ongmal 
concentrated extract and 2 ml of cockerel serum were 
diluted to 10 ml with Tyrode solution (final N concentration 
c 60 mg /lOO ml ) Owmg to the vanations m plasma 
composition and m the concentration of embiyo extracts 
prepared m the course of difierent experiments, compansons 
of results are only made imder the fairly uniform conditions 
of one particular experiment 

Eettmation of ENAP and DNAP %n the tissues The two 
nucleic acid fiactions were separated by the method of 
Schmidt & Thannhauser (1946), and the P content of each 
determmed by the method of Berenblum & Cham (1938) as 
modified by Davidson & Waymouth (1943) It was possible 
to detect changes m the amount of P of the order of 0 1 pg 
over the range of 0 1-8 0 pg P, and detenmnations were 
earned out on the contents of one or two roller tubes 
according to the amount of tissue and plasma employed m 
the particular experiment 

The methods of extraction and separation of the nucleic 
acids were the same m every case The flmd phase was dis 
carded and the tube washed out with a small volume of 0 9 % 
sahne Two ml of ice cold 10 % (w/v) tnchloroacetic acid 
(TCA) were added to each tube, and the tissues and plasma 
scraped off the sides of the tube The contents were trans 
ferred to 16 ml graduated pyrex tubes, and centnfuged 
rapidly The roller tube was washed out and the tissue 
extracted twice more with 2 ml portions of TCA, the whole 
operation bemg earned out withm 20 min to avoid any loss 
of nucleic acid by hydrolysis , m this way, only acid soluble P 
wws removed by the TCA treatment Extraction of the hpid 
P was completed m a senes of extractions using 80 % and 
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absolute ethanol, two treatments with chloroform-ethanol 
(1 3) mixture at 70-80®, and finally other In most cases 
the extracts were discarded after ccntnfugmg, and only in 
a few expenments were acid soluble and hpid P determined 
The P in the diy pow dor resides mainly m the nucleic acids, 
since the amount of pliosphoprotcm in this tissue has been 
shown to bo negligible 

For the separation of RNAP and DNAP, the residue was 
meubated at 37“ ovenught in the centrifuge tube with 1 ml 
of silica free ^-NaOH, and the unhydrolyzed DNA separated 
from the hj drolj’xcd RNA by addition of 1 5 ml distdled 
water, 0 6 ml 2 5 n HCl, and 0 0 ml of 30% (w/v) TCA. 
The DNA containing precipitate was spun down by centn- 
fuging rapidly for 16-20 mm , the supernatant hqmd (the 
RNA fraction) was transferred to a short, wide necked, 
pyrex boiling tube The precipitate was washed twice with 
0 6 ml portions of 6 % TCA, which were added to the 
supernatant fluid After addmg 0 3 ml 60% (w/w) HC10«, 
the solution was o\aporatcd at 100®, before transfernng to 
an nir bath in which complete oxidation of the tissue was 
earned out at a temperature of about 220® The precipitate 
contaming the DNA was oxidized in the same way with 
0 2 ml of HCIO4 P was now estimated m both sets of 
matcnals, the results being corrected for reagent blanks, 
which were determmed for each experiment 

Method of expressing results In each experiment there 
were usually 14 roller tubes each contaming 24 pieces of 
tissue m 0 3 or 0 16 ml of plasma, and 6 ‘plasma blanks’ 
containing only the appropnate amounts of plasma, clotted 
by the addition of small pieces of heart tissue, which were 
subsequently removed In most expenments, apair of tissue 
tubes and a plasma blank were used for RNAP and DNAP 
dotermmations at zero time and at selected mtervals durmg 
the growth ponod When it was found that over certam 
penods there was httle change m the plasma blanks, it was 
possible to dispense with mtermediate samples and to correct 
some of the tissue estimations with mean or mtermediate 
values 

It has not been possible to evolve a statistical basis for 
significance m the course of this work owing to variations m 
design and conditions fiom test to test Moreover, there is 
an unknown error mvolved m the use of the plasma blank m 
the correction of the tissue figures, smee an appreciable 
portion of the plasma clot is used up by the growing tissue 
as it extends its area, while there is no comparable alteration 
m the plasma tubes Our practice of correcting for plasma 
blanks is likely to reduce the tissue values more than 
necessary, and so lead to an underestimation of the real 
mcrease m tissue P It seems reasonable under these circurn 
stances to consider these final moreases m tissue P significant 
only when they equal or exceed the corresponding moreases 
m the plasma blanks 

The initial values of both RNAP and DNAP m the tissue 
tubes and m the plasma tubes depend on the number and 
size of the cultures, and the composition of the plasma 
Variations m the plasma blanks arise fixim the use of diflferent 
batches of fowl plasma throughout these tests The RNAP 
and DNAP contents per tube are produced by 24 relatively 
large pieces of tissue (12-16 mg fiesh weight), while the 
contents per 2 tubes come fiom 48 much smaller pieces of 
tissue 

An examination of the RNAP figures (Table 1) shows that 
the real tissue mcrements (ne the values obtamed after 
correction has been made for the oorrespondmg plasma 
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and fowl serum Tins medimn (EES) was employed 
tliroughout the senes of tests to bo described The 
size of the mdmdiial cultures was relatively large, 



Figs 2-8 The results arc based on the eontcnts of roller 
tubes, each containing 24 pieces of tissue, and have been 
corrected for plasma blanks Most pomts are the mean of 
duphcate detemimations In some figures, RNAP/DNAP 
ratios are given at certam stages 

Fig 2 Changes m RNAP and DNAP in relatively large 
chick heart evplants growing m vitro over the first 10 hr 
following the addition of a mixture of embryo extract and 
cockerel serum (EES) At zero hour, the cultures are in 
their resting state, and the arrow shows when the Tyrodo 
solution was replaced by EES 



Fig 3 Changes m RNAP and DNAP in relatively large 
chick-heart explants growing tn vitro over the first 24 hr , 
following the addition of EES After planting, the 
cultures were mamtamed m Tyrode solution for 2 days, 
and the arrow shows when this was replaced by EES 
The changes were followed at mtervals of 2 hr m the 
second 12 hr period 

as compared with the pieces used m the final senes 
of tests An estimate of the weight of tissue m each 
roller tube at the start, based on the assumption 
that the DNAP content is the same as m the 


1949 

original chick lieart (16 fig P/100 mg ) (Davidson <L 
Leslie, 1948), gives an average figure of 12-16 mg / 
24 tissue pieces 

In the first 12 lir m EES there was little or no 
visible cliange in tlie size of the cultures, and only 
a slight rise if any m RNAP (Fig 2) Tlie DNAP 
remamed imchangod, or fell durmg the same penod 



Fig 4 Changes in RNAP and DNAP in relatively large 
cluck heart explants gromng tn vitro over the third 12 hr 
penod following the addition of EES The cultures were 
allowed to come to their restmg state m T}TX)de solution 
in 2 days, and the arrows show when the EES was added 
or renewed The broken hnes indicate that the time scale 
in the carher stage has been condensed 
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Fig 6 Changes m RNAP and DNAP m relatively large 
chick heart explants growmg in vitro over a penod of 
48 hr following addition of EES These changes were 
followed at mtervals of 2 hr m the third 12 hr The fall 
m RNAP and DNAP before zero hour occurs when the 
cultures are m Tyrode solution The arrows show when 
EES was added or renewed 

The amounts of both nucleic acids, determmed at 
mtervals of 2 hr , showed regular fluctuations, which 
were unexplamed They were not, however, thought 
to be random experimental variations m view of the 
fact that this and similar curves are based on duph- 
cate determmations, whose values m most cases 
lay close together In the case of RNAP values, 
fluctuations of 0 6 yiig were considered significant 
if the dupheates agreed, smee the corresponding 


Vol 44 

changes m the plasma blanks ■were only of the order 
of 0 1 P There -was very good agreement be- 
tween DNAP duplicates, and, m these, changes of 
0 26 P can. be considered significant 
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the fluctuations which were characteristic of its 
behaviour in the earlier period At the same time 
there was a definite increase m DNAP, but it is 
doubtfiil if the nse winch occurred between 12 and 
14 In was of significance 

The marked rise m BNAP unaccompamed by a 
correspondmg rise m DNAP calls for special com- 
ment It was, of course, reflected m a rise m the 
RNAP/DNAP ratio from 2 2 to 4 2 over the 24 hr , 
a feature common to all the tests m which relatively 
large pieces of tissue were employed This failure of 
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Fig 6 Changes m ENAP and DNAP in relatively large 
chick heart explants growing i» vUro over 68 hr foUowing 
the addition of EES These changes were determined at 
intervals of 2 hr over the second 12 hr After planting, 
the cnltnres were maintained in Tyrode solution for 30 hr , 
and the arrows show the tunes of addition or renewal of 
EES 
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Fig 7 Changes m acid soluble P and hpid P m relatively 
large chick heart explants growing xn vitro over 48 hr 
following the addition of EES The conditions of the test 
are the same as in Fig 6, but the results for both the 
tissue tubes (unbroken hues) and the plasma blanks 
(broken hues) are given on separate curves, as the acid- 
soluble P 18 very much less m the tissue tubes than m the 
plasma tubes m the later stages The arrows show the 
times of addition or renewal of EES 

A \nsible increase m the area of the cultures was 
observed m the first 24 hr m contact with the 
growth -promotmg medium (as shown m PI 1) 
In Pig 3 the RNAP mcreased appreciably over the 
same period, wdiile the final DNAP content was much 
the same as at the start The fall m the latter over 
the first 12 lir was confirmed , m this particular test 
it vns accompamed by a large mcreeise m the 
RNAP In the second 12 lir period the RNAP 
seemed to mcrease evenly without any eindence of 



Fig 8 Effect of colchiome (1 m 4,000,000) on the changes 
m RNAP and DNAP m relatively large chick-heart 
explants growing m vitro, using EES as the fimd phase 
The broken hues show the changes occurring when col- 
chicme is present in the EES After mamtaming the 
cultures m Tyrode solution for 36 hr , EES or EES con- 
taining colchicme is added to the tubes at the times 
mdicated by the arrows 

the DNAP to show any significant mcrease was per- 
plexmg at the time, m view of mcreases m RNAP 
and m the area of the cultures 

In Fig 4 are shown the results of a test on the 
changes occurrmg m the tlurd 12 hr period There 
was an unusually large fall m DNAP m the first 
24 lir Visible mcrease m area, contmued, however, 
m the next 12 hr and the RNAP mcreased, although 
there was httle change m DNAP Agam, regular 
fluctuations m RNAP were m evidence following the 
addition of growth-promotmg medium As similar 
patterns of RNAP changes were obtamed m other 
tests they cannot be dismissed as random vanations 
(see Fig 6) On the other hand, it is difficult to 
understand their significance, and it can only be 
recorded that the RNAP did not mcrease evenly 
over certam periods of growth 
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In Fig 6 the initial drop m both fractions which 
occurred when the cultures were maintained m 
Tyrode solution for 2 days is again shoivn In this 
test the changes over the first 24 hr More not 
irregular, the RNAP increased significantly, and 
there was a very slight rise m DNAP Tlie fluctua- 
tions following the second addition of EES shoved 
the same features as before, vith the rise in DNAP 
occurrmg m the later part of the first 12 lir ponod 
Although small, these DNAP rises are considered 
significant, smee the corresponding plasma-blank 
mcreases were very low or negligible in comparison 
with the mcreases m the DNAP of the tissues At 
the end of 48 hr growth, the RNAP had increased 
87 % over its mitial restmg value, wliilo the DNAP 
had mcreased by only 18% By this time the 
cultures were very extensive (PI 1 C), and the rise 
m DNAP was, therefore, surprisingly small Tlie 
ratio RNAP/DNAP rose over the same time from 
2 6 at the restmg level to 3 8 after groivth 

Tills mcreasmg ratio, associated with a failure of 
the DNAP to show an appreciable increase, is a 
feature of another test, m which measurements were 
mode over a 68 lir period (Fig C) In this cose, the 
RNAP mcreased by ICO % as compared with a 16 % 
mcrease m DNAP, or, expre^ed m terms of the 
ratio RNAP/DNAP, there was a nse from 2 2 to 4 6 
Fig 7 shows the results of the determmation of acid- 
soluble and hpid P which were made m the course 
of a test desenbed above (Fig 6) As the acid soluble 
P m the plasma blanks was higher than m the tissue 
tubes it was not possible to plot the corrected figures 
as m the case of RNAP and DNAP contents Instead 
the values for tissue tubes and plasma blanks were 
both drawn on the same graph The amounts of 
acid-soluble and hpid P mcreased m the tissues 
durmg growth of the cultures, but only the latter 
could be considered to mcrease m the tissue itself 
Apparently, the acid-soluble P of the extract and 
plasma fell considerably m the tissue tubes durmg the 
same period 

InhzbUion of growth of fibroblasts by colchicine 

Colchicme m concentrations of 1 m 20-30 milhon 
has been shown to arrest mitosis m growmg tissues 
in intro (cf Bucher, 1940) This provided us with a 
means of confirming that mcreases m RNAP and 
DNAP m the presence of growth-promotmg media 
were due to synthetic processes associated with the 
growth of new tissue 

The results of a typical experiment with colchicme 
are seen m Fig 8 The EES was divided mto two 
8 ml portions To one was added 1 ml of a sterile 
Tyrode solution cont ainin g colchicme (1 m 400,000) 
The volume was made up to 10 ml with Tyrode 
solution The 8 ml of EES for the control experi- 
ments were sunilarly diluted with Tyrode 
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At the start of this test tlie majority of the roller 
tubes received the normal EES, and the remainder 
contamod EES with colchicme (1 m 4,000,000) In 
the latter both the RNAP and DNAP values showed 
a distinct fall from the restmg values at the end of 
48 lu There was, moreover, no visible sign of growth 
In the others mamtamed m normal EES, good 
growth was observed, and the RNAP mcreased 
appreciably I\9ien normal EES w as replaced at the 
end of 24 lir b 3 ' EES contammg colchicme the 
RNAP and DNAP agam fell durmg the next 24 hr 
and no further extension of area was observed 

The lower RNAP and DNAP of the cultures 
mamtamed m extract plus colchicme confirms that 
synthesis of these compounds is takmg place m the 
presence of normal EES In the case of the DNAP 
this 18 true even when no actual mcrease is observed 
m the growmg cultures 

Changes in RNAP and DNAP over long periods 
of growth 

In view of oiu failure over relatively short periods 
to obtain a rise m DNAP, commensurate with the 
rise m RNAP or the mcrease m area of the cultures, 
changes m RNAP and DNAP were followed over 
a period of 6-7 days As m the earher tests there 
was some mdication that the rise m RNAP always 
precedes a rise m DNAP, it was thought at the outset 
that mcreases m DNAP might be greater at a later 
stage of development 

In the course of these tests of longer duration the 
EES had to be changed six or seven times, and care 
was taken to ehmmate any sediment firom the 
extract by centrifugmg immediately before m- 
sertmg each new portion of medium If this was 
not done, the tubes were likely to become coated 
with precipitate, and the blanks to become imusually 
large 

Fig 9 shows the typical results obtamed m a test 
of this nature, and m PI 1 are photomicrographs 
showmg the visible changes m the cultures At the 
end of 120 hr , the cultures had spread to the hmits 
of the plasma, and adjacent cultures were growing 
mto one another The central portions, which 
ongmally contamed a kernel of compact heart tissue, 
were diffuse so that the core of each culture was 
translucent, and much larger than at the start 
These visible changes were accompanied by a three- 
fold nse m RNAP, but once more there was hardly 
any mcrease m DNAP The latter certainly rose 
shghtly over 72-96 hr , but later when the diffusion 
of the ongmal kernel of tissue was most noticeable, 
the DNAP fell This behaviour was agam reflected 
m the RNAP/DNAP ratio, which mcreases from 
2 2 to 6 8 

The failure of the DNAP to mcrease was con- 
firmed m another test, the results of which are 
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shown m Fig 10 There is even a tendency for the 
DNAP to fall, particularly in the later stages when 
there was httle change m the RNAP winch reached 
its maximum at 96 hr Tlie RNAP remained at tins 
high level for a further 72 lir , durmg winch period 
growth (as observed by the area of the culture) had 
apparently stopped However, the appearance of 
the cultures contmued to alter, as a result of the 
thinmng out of the central portions which became 
more diffuse and extensive 
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Fig 9 Changes m RNAP and DNAP in relatively large 
chick heart explants growing in vi tro over 144 hr following 
addition and renewal of EES at mtervals of 24 hr (as 
shown by arrows) See also collective legend for Pigs 2-8 



Fig 10 Changes in RNAP and DNAP in relatively large 
chick heart explants growing tntairo over 168 hr following 
the addition and renewal of EES at intervals of 24 hr (as 
shown by arrows) See also collective legend for Figs 2-8 

In these two teste, eis m the others alretidy 
described, the explants were cut relatively large and 
each roller tube was calculated to contam 10-1 1 mg 
of fresh heart tissue at the start of the growth 
penod Under such conditions it has been confirmed 
that the rise m RNAP is of the order of 260-300 % , 
■a-hile the DNAP only rises m the early stages, at the 
most 26 % above the initial restmg values This nse 
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m DNAP 18 temporary and is followed after 96 hr 
by a fall m spite of the contmued high RNAP values 
which are found durmg the same penod 

Effect of the size of cultures on their RNAP and 
DNAP changes during growth 

A feature common to all the results so far de- 
scribed was our failure to obtam an appreciable and 
permanent mcrease m DNAP even m circumstances 
where growth of the cultures was apparently good 
There seemed to be some link between the thinning 
out of the central portions of the cultures, and the 
tendency of the DNAP to fall while this was oc- 
currmg Such a fall m DNAP could be eicplamed on 
the assumption that any mcrease m DNAP, by the 
production of new cells, was exceeded by its loss 
resultmg from necrosis of the centre of the explants 
Tins would occur when the tissue pieces were large 
enough to prevent the cells m the centre from 
receivmg an adequate supply of metabohtes from 
the nutrient, or from gettmg nd of the waste pro- 
ducts of their restmg metabolism It was also 
possible that the amount of growth-promotmg 
medium (0 6 ml was the maximum which could be 
used on our roller tubes) was insufficient to provide 
for the contmued existence of the relatively large 
cultures which we employed 

Support for these interpretations was available m the 
observations of Bmes et al (1944) on the growth of onltnres 
of minced duck embryo muscle m a peptone medium 
deficient m some of the factors thought to be necessary for 
growth They showed that an uptake of P from the meinm 
could be used to measure growth m cultures of chick muscle, 
and found that, m a peptone medium msuffioient for tissue 
synthesis, cultures contmued to grow at the periphery while 
losing weight by necrosis of the central portions In tests 
using a medium fully adequate for growth, the cultures 
mcreased their P content until central necrosis balanced out 
or shghtly exceeded growth at the periphery 

Our techmcpe was accordingly modified with the object 
of reducing the mitial size and weight of the tissue cultures 
to a minimum This mvolved cuttmg the heart tissue mto 
very small pieces, and plantmg them m rows of eight m 

0 05 ml of plasma, instead of 0 1 ml as used previously 
The weight of tissue per tube in the restmg state was 
estimated to he about 2 mg as compared with the 10-16 mg 
used m earher tests This necessitated the poohng of mateni 
from two roller tubes m order to detenmne the amounts of 
RNAP and DNAP m the early stages of growth Once the 
cultures had grown appreciably it was possible to carry out 
determinations on the contents of single tubes In these tests, 
the RNAP was measured m amounts vaiymg between 1 5 
and 7 0 /ig P and the DNAP, m amounts between 0 6 and 

1 0 fig P All pomts are the mean of two detenmnations, 
and as shown m Tables 1 and 2 the final corrected RNAP and 
DNAP mcreases were at least twice as large as the coire- 
spondmg plasma blank mcreases 

The untial restmg levels of RNAP and DNAP in the 
cultures themselves vary only shghtly between 0 65-0 76 
tmd 0 25-0 35 fig P per roller tube, respectively These 
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Table 1 Comparison of changes m amount of ribonucleic acid phosphorus {RNAP) 

in tissue and plasma tubes 


Tost 

Plasino/tubo 

(ml) 

Hr in contact with 
embryo extract (EE) or 
embr^ 0 extract 
serum mixture 
(EES) 

40 

03 

48 

41 

03 

11 

42 

03 

30 

40 

03 

24 

49 

03 

58 

50 

03 

120 

61 

03 

108 

53 

03 

48 

57 

03 

49 

3 vith smaller cxplants 
50 0 3t 

120 

58 

0 3t 

144 

59 

0 3t 

144 

02 

0 3t 

00 (EE) 


RNAP ftt 0 lir (/ig ) 


RNAP uicrcaso at end of 
growth ponod (/ig ) 


Tissues* 

G43 
4 O’! 

6 71 
3 12 
3 32 

3 08 

4 04 
6 74 
204 


1 28 
1 40 
1 18 
1 55 


Plasma 

0 4') 

0 20 
0 20 
0 40 
0 10 
0 12 
0 10 
012 
012 


0 18 
0 20 

0 04 


Tissues* 

+4 05 
+ 0 53 
+ 2 70 
+3 17 
+4 08 
+7 07 
+ 0 53 
+ 1 05 
+ 160 


+5 50 
+ 6 20 
+6 39 
+ 7 30 


Plasma 

+ 0 43 
+0 21 
+0 71 
+0 02 
+0 60 
+048 
+ 129 
+0 39 
+0 01 


+0 50 
+0 88 
+ 1 58 
+3 28 


* These are the figures obtained after correctuig for plasma blank, and therefore the amounts represent the P gamed 
or lost over and above that of the plasma blanks 
t Plnsma/2 tubes 


Table 2 Comparison of changes in amount of deoxyribonucleic acid phosphorus (DNAP) 

m tissue and plasma tubes 


Hr m contact \nth 


embrjo evtract (EE) or DNAP increase at end of 

embryo extract- DNAP at 0 hr (pg ) growth period (pg ) 


Test 

Plasma/tubo 

(ml) 

serum mixture 
(EES) 

A 

t 

Tissues* 

Plasma 

A 

1 

Tissues* 

Plasma 

40 

03 


48 

2 41 

019 

+0 35 

+0 04 

41 

03 


11 

1 85 

0 06 

-0 19 

— 

42 

03 


30 

2 01 

0 10 

+ 004 

-0 08 

46 

03 


24 

1 89 

— 

-0 12 

+0 1 

49 

03 


68 

1 62 

0 11 

+0 24 

+0 01 

50 

03 


120 

1 70 

— 

+0 22 

+0 20 

51 

03 


108 

2 60 

— 

-0 08 

+ 0 55 

63 

03 


48 

1 80 

— 

-0 28 

+0 06 

67 

03 


49 

1 27 

— 

-0 28 

+0 1 

Tests with smaller explants 

50 0 3t 

120 

044 

0 46 

+0 88 

-0 14 

68 

0 31 

r 

144 

0 00 

0 20 

+ 111 

+0 36 

69 

0 31 

[• 

144 

0 69 

0 08 

+0 67 

+ 0 32 

62 

0 31 

h 

96 (EE) 

0 71 

040 

+ 1 1 

+0 04 


* See footnote. Table 1 


j" Pla8mo/2 tubes 


cannot easily be further reduced smee a lower Iirmt is im 
posed on the size by the cutting and plantmg teohmque 
With some practice it is possible to cut the tissues mto pieces 
which have resting values close to 0 76 pg RNAP and 
0 35 pg DNAP per roller tube The same growth promoting 
medium (EES) was employed, and each roUer tube again 
received 0 5 ml. renewed every 24thi 

With this modified technique substantial mcreases 
m the amounts of both RNAP and DNAP have been 
ohtamed In Fig 11 the RNAP is seen to rise 


steadily when detenmned at 48, 96 and 120 lir On 
the other hand, there was a delay m the rise of the 
DNAP which showed httle change at 48 lir over its 
imtial value, though by this tune the area of the 
cultures had shghtly mcreased Later, when the 
cultures were very extensive and the core appar- 
ently larger than at the resting stage, an mcrease 
in DNAP was recorded At 96 hr the DNAP had 
risen by 80% and at 120 hr by 160%, the corre 
spen din g RNAP mcreases were 243 and 363 % -The 
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ratio RNAP/DNAP, after nsmg to 7 4 at 48 Ixr , fell 
to 6 5 at 96 hr , and 5 2 at 120 lir , Buggestmg an 
approach to a new steady value It also seems 
significant that tins leveUmg out of the ratio occurs 
while the RNAP and DNAP are still mcreasing in 
amount 


RNAP 

DNAP 


73 


7-A 


55 51 



Fig 11 Changes m RNAP and DNAP in very small duck- 
heart eiplanta growmg \n vitro over 120 hr foUovang 
addition and renewal of EES at intervals of 24 hr (as 
shown by arrows) Results based on 48 pieces of tissue 
from two roUer tubes (see also collective legend for 
Figs 2-8) 


SNAP 

DNAP' 


2-0 




5-2 


S-3 



Fig 12 Changes m RNAP and DNAP in very small chick- 

heart explants growing tn udro over 192 hr following 
addition and renewal of EES at intervals of 24 hr (as 
shown by arrows) Results on the same basis as Fig 11 

Tests were run for longer penods m order to find 
the maximal values to winch the RNAP and DNAP 
could rise imder our experimental conditions The 
results are shown m Fig 12 Both RNAP and 
DNAP contents were maximal at 144 hr after 
showing mcreases of 450% for the RNAP, and of 
about 100 % for the DNAP, over the initial lestmg 
^alues Tliere was no change in the levels m the 
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subsequent 48 hr The cultures did not appeal to 
mcrease their area durmg this stage, but their 
centres appeared to spretid out This process was 
similar to the one occurrmg m the earlier tests, 
although there was now no tendency for the DNAP 
to fall at the same tune 

Agam m Fig 12 the rise m DNAP did not occur 
imtil after 72 hr and was, therefore, longer delayed 
as compared with the steady mcrease m RNAP 
obtamed from at least as early as 48 hr WTien 
maximal growth was reached the ratio RNAP/ 
DNAP agam levelled out at a value of 6 2 A final 
steady ratio' of this order has been obtamed m all 
the experiments m which substantial mcreases m 
both RNAP and DNAP were obtamed The other 
sigmficant observation, which is a feature of all these 
tests, IS the delay m the nse of DNAP for as long 
as 72 hr , even though the RNAP had mcreased 
appreciably m the same period 


Use of etnbryo extract (EE) as a growth-promoUng 
medium 

All the tests so far described have with one 
exception been earned out with EES as the growth- 
promotmg medium The prehmmary tests, on which 
the decision to use this mixture had been based, had 



Fig 13 Effect of replacing EES by embryo extract alone 
in mamtaunng growth of veiy small chick-heart explants 
tn vitro The changes in RNAP and DNAP are followed 
over 90 hr , the EE being renewed every 24 hr (as shown 
by arrows) Results on the same basis as Fig 11 

never shown an mcrease m DNAP They had only 
shown that m certam circumstances large mcreases 
m RNAP were obtamed when the medium was EES 
It was necessary, therefore, to repeat the com- 
parison of the two media usmg the modified tech- 
mque 
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In two tests m wlncli EE m as compared ^\lth EES 
of closely similar N content, there wos an indication 
that EE was just os good a groirtli promoter as 
EES, but these results were not considered con- 
clusive Other tests, however, have shown cloarlj’’ 
that EE alone is fulij'’ adequate as a groivtli-pro- 
motmg medium Fairly concentrated extracts w ith 
an N content of about 80 rag /1 00 ml of extract 
have been used As before, 0 6 ml was allocated to 
each roller tube, and the EE removed every 24 hr 

In one such tost, the results of wluoh are given m 
Eig 13, good growiih occurred over a period of 90 hr 
Tills was soon to be occompaniod by a 155 % rise in 
DNAP and a 376% rise in REAP, comparing 
favourably with the corresponding increases of 
100 ond 366% m o test m viJnch EES wos used 
(Fig 11) It is concluded that EE alone as fluid 
phase IS sufficient to supply all the nocossarj’^ 
materials for grow’th of fibroblasts ni vitro 

DISCUSSION 

In analj^zmg the changes in REAP and DEAP wluch 
occur m fresh explants growing tii vitro, it is neces- 
sary to bear in mmd that groirth is not a simple 
process of multipljnng cells, but a complex one in 
w'hich the biosynthesis of colls at one point is accom- 
pamod by the breakdown of cells at another Con- 
sequently any mcreases in either or both of the 
nucleic acids will be m proportion to now tissue 
synthesized m excess of tissue lost by the destruction 
of cells elsewhere 

In tests comparmg the effects of embryo extract 
and Tyrodo solution on the REAP and DNAP con- 
tent m the period immediately following planting, 
the fall m both, which leaves the RNAP/DNAP ratio 
imchanged, suggests that an mtensive breakdown of 
damaged tissue is takmg place Withm 20 hr the 
cultures m Tyrode solution have reached their 
restmg level, and subsequently the REAP and 
DEAP will only fall shghtly if at all Embryo 
extract reduces the faU, but does not prevent it 
occurring, and, although tlie cultures mcrease m 
area m this period, it is evident that the breakdown 
of cells must greatly exceed the synthesis of new 
tissue In the second 20 hr , the position is appar- 
ently reversed m both sets of cultures for the REAP 
mcreases appreciably, while the DNAP mcreases 
shghtly or remains unaltered 

The growing of fresh explants »n vitro also mvol ves 
the selective multiphcation of one of the cell types, 
m this case the fibroblast of the connective tissue, 
affectmg prmcipaUy the ratio of REAP to DNAP 
In recent years a number of workers (Davidson & 
Waymouth, 19440, b, Schmidt & Thannhauser, 
1946, Schneider, 1946) have shown tliat each tissue 
has its own particular content and ratio of REA 
and DNA These values will alter for any tissue 
according to its stage of development For example. 
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there 18 a progressive fall in REA, so that its con 
centration is appreciably lower m adult resting 
tissues than in dovolopmg tissues where a more 
intensive Bjmthosis of protem is takmg place (cf 
Caspersson, 1947 , Davidson & Waymouth, 1944a, 6, 
Davidson <L Leslie, 1948) Tissues, such as pancreas 
and liver, wluch are actively engaged m the synthesis 
of protein in the orgamsm, also have RNAP/DEAP 
ratios considorobly higher than the ratios found m 
other body tissues (Davndson, 1947) Thorell (1947 o) 
has shown that the concentration of ribonucleic acid 
in hnomopoietic cells falls from a value of 6 % m the 
cytoplasm and nucleolar apparatus of the early cells 
to loss than 0 6 % in the mature cells It would 
appear that this agam mvmlves a considerable drop 
in the REA/DEA ratio from the exceptionally high 
v'oluos of the octiv olj dividing cells 

For 12 daj cluck embryo hearts a REAP/DNAP 
ratio of botw een 2 6 and 3 0 has been confirmed 
(Davidson & Leslie, 1948) In the tissue cultures at 
the time of plantmg the ratio lies between 2 2 and 
2 6, which may mdicate a fall m REAP perhapsdue 
to w ashing out of ribonucleoprotem by the sahne 
in which the tissue is immersed for cuttmg There 
are, however, no precise figures for the nucleic acid 
content of connective tissue, nor have we any m- 
formation about the RNAP/DNAP ratio m the 
actively dmdmg cells, except that it is likely to be 
oppreciably greater than m the corre^onding 
restmg cell Interpretations of our results m growmg 
cultures have, therefore, to take mto account 
changed RNAP/DNAP ratios produced by the m- 
creasmg predommance of the fibroblasts, some of 
which are actively synthesizmg protem durmg the 
process of divnsion 

In all the tests m wluch relatively large pieces of 
tissue were used as explants, any mcreases m DNAP 
are small m comparison to the REAP mcreases, and 
of a temporary character (Figs 2-10) When the 
DNAP does rise about 20% above its restmg level 
it 18 usuaUy after 48-72 hr of growth, m later 
stages, it shows a tendency to fall shghtly At the 
peak of the DNAP curve, the REAP is usually 
double its restmg value, and the cultures appear to 
have grown considerably The REAP oontmues to 
rise until 120 hr , and thereafter remains imchanged, 
even though the cultures alter m appearance and 
the DNAP shows a fall Over this period the thm- 
mng out of the central portions, and the falling 
DNAP content m cbnjunction with the high REAP , 
suggests that the loss of material is shghtly greater 
than the gam from the contmumg production of 
cells The cultures have evidently reached the 
maximal size which can be sustamed under these 
particular conditions of growth 

The final RNAP/DNAP ratio m all these tests 
with relatively large cultures hes between 6 and 6 
a considerable mcrease over the restmg ratio of 
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alootit 2 2 These high values must represent a mean 
for the cultures, smce all the cells are not hkely to be 
dividmg and carrymg out protem, synthesis with its 
associated high R-NAP content Consequently cells 
m the process of division may have a lugher value 
for the ratio and resting cells a much lower ratio 
After our failure m these tests to obtam a sub- 
stantial nee m DNAP, the possibdity remamed that 
growth of explants from chick-embryo heart in- 
volved the replacement of the ongmal cells by new 
ones with a higher RNAP emd a much lower DRAP 
content This process could quite well have con- 
tributed to the results we obtamed 

The relative importance of these different pro- 
cesses has been largely settled by the testa m which 
visible growth was accompamed by substantial 
moreases m both RHAP and DRAP Clearly, 
reducmg the initial size of the cultures produces the 
conditions under which an mcrease of DNAP can 
be recorded, and although this is about half the 
corresponding mcrease m the RNAP, it does not 
follow that the content of DNAP per nucleus is also 
half the original It is hkely to be closer to its 
original value m view of the exceptionally high 
RNAP concentrations found m actively dividmg 
cells (Thorell, 1947 a, 6) 

When smtably small explants are used, the RNAP 
rises five times above its imtial value m 96 or 120 hr 
This compares favourably with the two- to three-fold 
mcrease obtamed m similar tests with larger cultures, 
emd confirms the view that m the latter a loss of 
tissue at one pomt accompEmies the mcrease of cells 
elsewhere With the small pieces, once the maximum 
RNAP level has been reached, there is no tendency 
for it to fall 

Between 96 and 144 hr the DNAP has moreased 
to twice or mote than twice its imtial content, and, 
like the RNAP, remains at this new level when 
growth apparently stops Ths behaviour of both 
RNAP and DNAP suggests that the cultures grow 
to a limitmg size, determmed by the envuonmental 
needs of the cells The outer lumte of the cultures are 
set by the boundaries of the plasma clot, and their 
proximity to one another The core of each culture 
will not mcrease m extent once further growth pre- 
vents the proper nutrition of the cells m the centre 
It seems highly significant that, m allthe tests m 
which growth has been studied over long penods, 
the final RNAP/DNAP ratio lies between 6 and 6 
For the tests with small pieces the ratio is less 
\’ariablo and hes between 5 0 and 5 6 This confirms 
the inew that the tissue cultures develop to an 
equilibrium state m which new cells are being pro- 
duced at the same rate as others are bemg destroyed 
It can also be said that the ratio of RNAP/DNAP m 
Qctuely divndmg fibroblasts is at least 5, and very 
probably greater than 6 Smce tins ratio is obtamed 
while both RNAP and DNAP are mcreasmg, and still 


below then maximal values (Fig II), there can be no 
further selective multiphcation of cells m this active 
growth phase, as this would involve a changmg ratio 
as the dommant type of cell mcreased m number 
Another feature of mterest m aU our tests is the 
observation that the RNAP mvanably rises appre- 
ciably for some tune before there is any significant 
mcrease in DNAP There are two possible_explana- 
tions for these results One seems likely to apply to 
the tests of short duration, m which changes were 
followed at 2-hourly mtervals (Figs 2-6) In these 
RNAP rises even when there is no visible sign of 
growth and no change, or a fall, m DNAP (e g 
Fig 2) This behaviour strongly suggests that a 
synthesis of RNAP is occurring before additional 
iSnaP is bemg produced by the appearance of new 
nuclei As growth proceeds over longer periods 
another factor may come mto play , it is possible that 
the new fibroblasts have a lower DNAiP content than 
the average of 16 /ig /lOO mg fresh wt found m the 
ongmal tissue As a result, the RNAP could mcrease 
appreciably for some tune, while the DNAP re- 
mamed unchanged or even showed a shght fall 
Such a process could qmte weU be occurrmg m tests 
of the type shown m Figs 11 and 12 As late as 
72 hr after the start of growth there is apparently 
no mcrease m DNAP, although by this tune good 
growth at the penphery can be seen with the naked 
eye Very probably the situation is comphcated by 
the oontmuous breakdown of other cells, m which 
case the DNAP content of the new type of cell may 
be only shghtly below that of the ongmal cells An 
actual mcrease m DNAP would, therefore, occur 
when the alteration of cell type m the cultures was 
nearly complete 

A study of the biogenesis of the nucleic acids, and the 
possible conversion of one into the other dnnng growth, is 
comphcated by the ooourrenoe m most tissues of at least two 
relevant synthetic processes ooournng simultaneonsly There 
IB the conversion of RNA mto DNA, which has been postu- 
lated to account for the decrease m. the initial store of RNA 
during the period m which the DNA is increasing m the 
developing eohmoderm egg (Braohet, 1933, 1937) Snoh a 
process imphes the earher synthesis of the E.NA from 
nucelotidea or other smaller components As Braohet (1945) 
has pomted out with reference to the chick emhiyo, this 
synthesis of RNA from its precursors masks the possible 
conversion of RNA mto DNA m studies on the growing 
tissues There is, of course, a third possible synthesis, that 
of DNA from components which are not derived firom RNA 
(Braohet, 1947), and recent work of Schmidt, Hecht & 
Thannhauser (1948) suggests that this might possibly take 
place m the early development of the echmodenn egg They 
found, on measurmg the changes in RNA and DNA that 
the RNA remamed constant while the DNA mcreased as 
much as tenfold during the first 24 hr after fertilization 
Their results do not, of course, exclude the possibihty of 
conversion of RNA to DNA hut this could only occur if the 
turnover of RNA were shown to be very great during the nse 
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m DNA content In phngc infected bnctona, Colicn (1947) 
has shoAiTi that DNA is in fact synthesized in the absence of 
significant tumo\ or of RNAP 

Our idcncc of increased RNAP before tlicro is nnj pro 
duction of cells, or change in DNAP, supports the \ icw that 
cells m the process of di\ ision a\ ntlusize RNA and jirotein 
first of all, the sjTithcsis of DNA following later (Rraehet, 
1945, Painter, 194 j) This docs not ncccssarih confiictwith 
the Mews of Caspersson and coworkors (eg Caspers^on, 
1947, Thorcll, 1947fl, 6), who emphasize a different aspect of 
theproccss TheircMdence points to the nucleolus assoeiatwl 
chromatin (containing DNA) as the initiator ofthe 8\ nthesis 
of nbose pol\ nucleotides (or RNA) and the associated 
proteins abundant m diamino acids These synthetic pro 
cesses start at the niiclcolus and spread oiitwartls to the 
nuclear mcnibmnc, and to the cj toplasm These result s iinpR 
a pnmarj sjuithesis of RNA b}' the cell ns a means of 
increasing its protein content before its actual dixision 
occurs There is ns jet no clear indication that an increase 
in DNA comes first, although the CMdence of Cohtn (1947) 
and of Schmidt ct al (1948) mentioned earlier tan be inter- 
preted in the particular cases consideretl ns fa\ounng the 
independent s^ nthesis of DN V from component s not den\ eel 
from RNA 

The fluctuations of RNAP only scorn to occur in 
the period whicli immodiatoly follows the addition of 
growth-promoting medium It is also evident that 
this is the time during wluch RNAP is increasing 
most rapidly, for in tlie later part of the 24 lir period 
there is a definite fall in the rate at w Inch it rises 
(Figs 3 and 6) This suggests that in response to the 
stimulus of fresh growth -promoting medium, there 
IS an mitial intense sjmthesis of RNA, which slows 
down prior to a rise in DNA (Figs 2, 4 and 0) 
However, it is difficult to account for the sharp fall 
in RNAP which was a regular occurrence and a 
feature of all the tests of this nature 

There are insufficient data on the changes in acid- 
soluble and Iipid P to support any conclusions about 
their significance The results of the test desenbed 
earher, however, suggest that the acid-soluble P m 
the extract and plasma is utihzed dunng the penod 
when mcreases m RNAP and lipid P are foimd in the 
growmg tissues 

The experiments m which colchicine was added 
to the growth-promotmg medium have clearly con- 
firmed that we are measuring mcreases m both RNA 
and DNA as a result of their sjmthesis from materials 
present m the growth-promotmg media As there 
IS a fall m both RNAP and DNAP with colclucme 
present, the mcreases with EES alone probably 
mask a simultaneous loss of material by the de- 
struction of cells (Fig 8) 

Although embryo extract-serum mixture (EES) 
has been used for most of the tests, there is no reason 
to beheve that different results would have been 
found -with embryo extract alone Once substantial 
mcreases m both RNA and DNA are obtamed by 
the use of very small cultures, both EE and EES are 
equally good m produemg this effect 


SUiAIMARY 

1 Changes m ribonucleic acid phosphorus 
(RNAP) and m deoxyribonucleic acid phosphorus 
(DNAP) ha\ 0 been follow cd in chick-hoart fibroblast 
cultures growing m roller tubes in vUro, and a study 
made of tho conditions imder w Inch mcreases m both 
components can bo obtained By renewing the fluid 
phase w ith ombrjm extract (EE) or embrj'o extract- 
scrum mixture (EES) everj" 24 hr , it has been 
possible to run tests of varying duration up to 7 days 

2 Vfiien relatively largo explants were used (fresh 
weight of 24 pieces of tissues estimated as 10-16 mg ) 
only tho RNAP content increased appreciably while 
MSible growdli was occurring Over longer penods 
there was a rolatn oly small and temporarj'^ increase 
in DNAP, although the RNAP contmued to nse 
until it reached a steadj’^ level In these tests the 
RNAP/DNAP ratio rose from imtial v^alues of 
2 2-2 5 to final v allies between 5 0 and 6 0 

3 Appreciable and sustained mcreases m both 
RNAP and DNAP hav^e been obtamed when the 
cultures were grown from much smaller explants 
(fresh weight of 24 pieces of tissue estimated at 
2 mg ) Under these conditions the production of 
new cells evudontly exceeded the loss of tissue ansmg 
from central necrosis of the cultures 

4 Tho final RNAP/DNAP ratio m all tests of 
long duration has been between 6 and 6 This 
marked rise during active growdh supports the view 
that protein sjmthesis is accompanied by mcreased 
RNA concentrations m the cells 

5 In tests of short duration with relatively large 
explants, a rise m RNAP alwaj’S preceded a nse in 
DNAP, and this is considered to mdicato that RNAP 
IS a precursor of DNAP m the dividmg cells 

6 Tlie delayed nse m DNAP, wlule visible growth 
18 occumng m tests usmg small explants, is sug- 
gested as evudence of the replacement of the ongmal 
cells by fibroblasts havmg a lower DNAP content 

7 In one test m which acid soluble P and hpid P 
were determined, the fall m the former m the tissue 
tubes suggests that this is incorporated m the nucleic 
acid P durmg the production of new tissue 

8 When colchicme was added to the extract, both 
the RNAP and DNAP fell m amount durmg the 
period when they would normally have mcreased 
or remamed unchanged 

9 Embryo extract alone has been shown to be 
as adequate a medium for tho growdh of fibroblasts 
as a mixture of embryo extract and cockerel serum 

The expenses of this work were defrayed by a 
the Medical Research Conned to one of us ( J N D ) We 
wish to thank Mr A Ashwell for his valuable 
assistance throughout the course of this work and 
Speed of the Chester Beatty Research Institute, Royal 
Cancer Hospital for the photographs reproduced m PI 1 
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The Irreversible Combination of Formaldehyde with Proteins 


By W R MIDDLEBROOK,* Wool Industries Research Asaociatwn, Tomdon, Headingley, Leeds, 6 


{Received 6 May 1948) 


The reaction of formaldehyde with proteins has been 
of mterest for many years, owmg to its mdustnal 
applications moludmg tannmg and plastics manu- 
facture Until recently the type of linkage formed 
was largely a subject for speculation rather than 
experiment However, recent work has shed hght 
on the details of the reaction The literature has been 
adequately reviewed by French & Edsall (1946) 
Middlebrook & Phillips (1942, 1947) showed that at 
elevated temperatures the disulphide S of wool com- 
bines with formaldehyde, and that the reaction can 
be completely reversed by distillation with dilute 
phosphoric acid , it became apparent, however, that 
formaldehyde which combmes with other groups 
cannot be completely removed m this way Nitsch- 
inann, Hndom & Lauener (1943) showed for casern 
that tins method gave low results unless water was 
added, and a second distillation earned out, even so, 
the recoi erj’ of formaldehyde was not quantitative, 
and similar results were likewise obtamed when 
2 n sulphuric acid was used instead of dilute phos- 
phoric acid ^^^len the distdlation was contmued to 
dmiess, the results were unrehable, owmg to the 
dostniction of the protem, and the production of 
bisulphite-bmdmg substances 

• Now International Wool Sccretanat Fellow, Textile 
Chcmistia Laboratory, Department of Textile Industries, 
Leeds L''nlvcrslt^ 

Biochem 1949, 44 


Wormell & Kaye (1946) and Fraenkel-Conrat, 
Cooper & Olcott (19466) showed that the amide 
groups of proteins would oombme with formalde- 
hyde under acid conditions, and the latter authors 
found that the reaction was slow and greatly de- 
pendent upon formaldehyde concentration and 
reaction temperature The present work was carried 
out to detenmne the effects of concentration of 
formaldehyde and pH on the amount of combmed 
formaldehyde, which was stable to boihng dilute 
phosphoric acid and known as irreversibly combmed 
formaldehyde 

METHODS 


Materials 

The wool used was a virgin Cape wool of about 64 ’b quahty, 
firom which the tip ends had been removed, cleaned by 
successive extraction with ethanol, diethyl ether, and finally 
distilled water Dark human hair was used for the super- 
contraction experiment It was extracted by diethyl ether, 
any temporary set removed by allowing it to float fi^Iy m 
distilled water, and then carefully dried Details of other 
protein preparations are as follows casern, prepared from 
wp^ted miK by precipitation with lactic acid (Van Slyke 

1 N = 1 68% collagen, 

^mple^m Dr D Jordan Lloyd, edestin. sample from 

Coignet ‘Extra’, amide 
iN-UiO/o, ghadm, sample from Prof A C ChibnaU, 
glycinm, prepared frnm fat-frve soya meal by the method of 
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Jones &/ Moeller (1028), N = 17 47%,fuIIj nictl^ latcd nool, 
prepared by Dr H Lindle\ (sec Blackburn, Carter &, 
Philbps, 1941) , haemoglobin (horse CO haemoglobin), pre 
pared and heat-coagulated accordmg to the method of Adair 

Adair (1934), N = 17 2 % , Fe =0 33 % , amide N = 1 08%, 
ovalbumm, sample of unknown ongin, coagulated, dned and 
powdered Thcproteins were extracted bj dicth3'l ether, wth 
the cxce2)tion of the cdestin and gelatin TJio collagen uns 
acetone extracted Thej' m ere all air dne<l, the moisture 
contents measured, and all determinations calculated on drj 
M eight of protein 

Trcaltnent and analytical methods 

Formaldehyde treatment of hair Bundles of linir (1 g ), tied 
by cotton thread, n ere boded under reflux for 1 hr in 50 ml 
of 1% (n/i) formaldeh3de solution, buffered in (1) borax 
adjusted with NaOH to pH 10 1 (final concentration of 
borax, 0 05 31), (11) NaHjP04 adjusted intli NaOH to pH C 0 > 
(final concentration of NaH;P04, 0 ^ 'Oi (•") sodium acetate 
adjusted with HCl to pH 1 00 (final concentration of sodium 
acetate 0 2 m) The formohzcd hair was washed orcmight in 
distilled water Some of the hairs Mere boded in 250 ml 
0 Iji H3PO4 until the 3010010 of the latter ivas c 10 ml , 
then washed and dned No change of length of the hairs 
took place during 003' of these treatments 

Deamination Hair and other proteins were dcaminated 
m a mixture of NaNOj and dilute acetic acid (Van Sl3kc’8 
reagent), according to the technique of Speakman (1934) 

Deamidation Proteins were partl3' deamidated b3 the 
following techniques (1) in a solution of cct3'lsulphunc acid 
and HCl (Stemhardt L Fugitt, 1942), (11) in a solution of 
1% NaOH for 40 hr at 45° (Wormell L Kayo, 1945), 
(ui) m a solution of NaNO. and acetic acid, containing 
2N-HClfor 24hr at room temp (Phmraer, 1925, Fraenkcl- 
Conrat, Cooper i, Olcott, 1946 a) This method would also 
deammate the protoms, and remove the guanidino groups 

Estimation of tyrosine The intensity of the colour given 
by the action of a mtroso p naphthol on t3T08ino ivas 
measured in the Spekkor absorptiomotcr usmg green filters 
(Thomas, 1944) It was observed that cystine suppressed 
the colour When the ratio of oystmo to tyrosine was the 
same as that m wool, the value was lowered by 2 6 % In 
the case of wool, therefore, a correction factor was applied 

Bisulphite-stable fraction of the combined formaldehyde of 
formoltzed casein Casein (1 6 g ) was boiled under reflux 
for 1 hr m 6 ml of pH 1 bufler and 6 ml of 8 % (w/v) form- 
aldehyde, 76 ml of 2 4% (w/v) NaHSOj solution were 
added, the mixture boded under reflux for 20 min , loft 
overmght, filtered, the precipitate washed, and the formalde 
hyde combmed with the NaHSOj detemimed The difference 
between the amount of formaldehyde taken and the amount 
m combmation with the NaHSO, is, therefore, equal to the 
amount m combmation with the casern and stable to boihng 
NaHSOj 

Estimation of irreversibly combined formaldehyde 

Macro method Approx. 1 g of protem was weighed mto 
a small round bottomed flask fitted with an air condenser 
havmgaground gla8sjomt,6ml of bufi'er(Na acetate -1- HCl, 
pH 0 46, 1 0, 2 0, 3 9, final concentration of acetate 0 4 h) 
together with 5 0 ml of formaldehyde solution were added, 
the jomt bemg lightly greased with petroleum jelly The 
mixture was boded under reflux for 1 hr , cooled, then 
qmckly transferred, together with any washings, to a 250 ml 


flask containing 100 ml of0 3iiH3PO4 Thehquid u 03 then 
distilled, down to a t ol ofe 6 ml , into a solution of NnHSOj 
(Nitsclimnnn &- Hndom, 1941) Water uas added to the 
flask and the distillation repeated, makmg a total of 4 dis 
tillations Blanks containing known amounts of formalde 
litdc, without the addition of protein, were also distilled, 
and the amounts of formnldcli3 do distilled over were com 
pared M ith direct estimations obtained by adding 5 0 ml of 
formnldclitdc solution dircctl3 to the NaHSOj solution A 
complete rccot er3 of the formaldehyde was obtamed If the 
protein frothed tindiil3 , anhydrous Nn.SOj (2 g ) was added 
to tlic distillation flask All the ground glass jomts of the 
distillation apparatus were lighth greased The solutions 
were left oscmight, and the excess NaHSOj titrated with 
0 1 X T. using starch ns indicator Ethanol was then added 
to jircicnt oxidation, the NaHSOj formaldehyde com 
pound decomposed by the addition of I 0> NbjCOj, and 
the liberated NaHSOj titrated with 0 Ih-Ij (1 ml 01^ 
12=0 0015 g formaldclivde, Highbcrger iL Retzsch, 1938) 
Scminiicro method When onit small amounts of protem 
were atailablc, the method was modified The protem 
(c 40 mg ) was weighed in a glass tube scaled at one end, 
about 12 cm m length and 7 mm m internal diameter, 
0 18 ml biiffcr and 0 18 ml formaldehyde solution were 
introduced bt means of 2 Conway pipettes, which had been 
conxerted into burettes having capillar3 extensions with 
right angle bends attached to their tips, the flow of Iiqmd 
being controlled b\ surface tension The tube was im- 
incdiatch scaled in a blotvpipo flame, then placed m an oven 
at 100° for 1 hr , and oceasionall3 shaken After this, it 
svas broken in half and quickly dropped into 100 ml of 
0 3 M HjP 04 The distillation w os repeated as before Blank 
distillation of known amounts of formaldehyde gave com 
plete recoi er} 

Free amino nitrogen This was deterrmned manometncally 
accordmg to tho tcchmque ofPoters (L Van Slyke (1932), but 
m a blacked out chamber (Fraenkel Conrat, 1943) 

Free amino, guanidino, and part of the amide nitrogen The 
determinations were made m the Van Slyke miorovolu 
metno apparatus (Phmmer, 1917), in thepresence of2K HCl 
for 22 lir in a blacked out chamber (Piimmer, 1925, 
Fraenkel Conrat et at 1945a) 

Amide nitrogen Protem (0 26 g ) was refluxed with 
6 n HC1(5 ml ) for 4 hr, filtered, then diluted to 26 ml ,5niL 
samples were made just nlkalme to bromocresol green m the 
semimicro Kjeldahl apparatus 5 mL of 2 % borax solution 
were added to bring the pH between 8 and 9 (Lmdley, 

NHj was distilled into a saturated solution of bone acid, and 
titrated with k/ 70 HCl, usmg a mixed indicator of bromo 
oresol green and methyl red (Sla <L Zuazaga, 1942) 

Other methods Total nitrogen was determmed by the 
micro Kjeldahl method (Chibnall, Rees, L Wilhams, 1943fl) 
and oystme by the method of Shmohara (1936) Two 
dimensional paper chromatograms were made accordmg to 
the techmque of Consden, Gordon A Martin (1944), 
water saturated colhdme as one solvent, and wmter saturated 
phenol over 0 3 % NHj solution m an atmosphere of coal gas 
as the other 

RESULTS 

The effect of formaldehyde on the supercontraction of 
hair (Speakman, 1936) after boilmg for 30 mm in 6 % 
(w/v) sodium bisulphite solution is shown m Table 1 
(cf Middlebrook & Philbps, 1942, Stoves, 1943) 
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Table 1 


Supercontraction of formaldehyde-treated hair, after boiling in 6 % NaHSOj/or 30 min 


pH of 

formaldehyde 

10 1-9 4 
67 
10 

Untreated 


Untreated 

10 


Untreated 

10 



Supercontraction 

A_ , 

- 

KaHSO, only 

DiBtdled m 

0 IM-H 3 PO 4 before 
NaHSOj ( 6 ) 

( 6 -a) 

(a) (%) 

(%) 

(%) 

3 3 

14 0 

10 7 

19 8 

32 3 

12 6 

60 

28 6 

23 6 

28 0 

27 5 

— 

Deanunated 

28 6 — 

— 

76 

— 



Deamidated (Stemhardt & Fugitt, 1942) 

Dissolved immediately — 

48 2 43 7* 


^ AH the results axe expressed as the mean of four determmations, except which is one determmation only 


In view of the mstabibty to bisulphite of cross 
linkages between ammo groups (Fraenkel-Conrat et 
al 19466), it 18 unhkely that these contribute to the 
diminished supercontraction shown by formalde- 
hyde treated ham m boihng sodium bisulphite 
solution This is confirmed by the fact that de- 
ammated, as well as untreated fibres, which have 
been boded m formaldehyde at pH 1, fad to super- 
contract on bo din g m bisidphite solution (Stoves, 
1944) On deamidation by the Stemhardt & Fugitt 
(1942) method (residual amide N, 0 4%), it is 
noticed that formaldehyde treatment confers no 
stabdity to supercontraction, although it does pre- 
vent the ham from being immediately dissolved m 
the boding bisulphite solution From these results, 
it 18 suggested that the Values obtamed m column 4 
are due to cross linkages formed between the amide 
groups of glutamme and the guamdmo groups of 
arginme (Wormell & Kaye, 1946 , Fraenkel-Conrat 
et al 19466, 1946) From evidence to follow it is 
suggested that asparagme combmes with formalde- 
hyde, but it 18 unlikely to contribute to cross-linkage 
formation The amount of formaldehyde m com- 
bination with casern which is stable to bodmg bisul- 
phite solution 18 equal to 3 67%, eqmvaleiit to 
1 71 % amide N, if one amide group combmes with 
1 mol of formaldehjHe (actual amide N, 1 68 %) 
HHion wool treated with formaldehyde at pH 1 was 
hvdrolj'zed and run on a two-dimensional clmomato- 
gmm, no tyrosine spot was found (Aliddlebrook & 
Phillips, 1947) In order to ascertam if formaldehyde 
under these conditions does react mth combmed 
t jTosine, a sample of w ool was treated with formal- 
dohjdo at pH 1, distilled in 0 3M-phosphonc acid, 
Indroh-zed for 4 Im m 5N'-hjdrocliloric acid, and 
timosine determined bj the method of Thomas 
(1944) The tjTOSiiie content of imtreated wool was 
6 43 % , and of treated 5 39 It is unlikely, there- 
fore, that fomialdeln de has combmed with tyrosme 


under these conditions, but when liberated on 
hydrolysis it may be expected to combme with free 
tyrosme, histidme, etc (Neuberger, 1944) 

In order to determme irreversibly combmed for- 
maldehyde, distillations were carried out m 2 n- 
sulphunc acid until fumes appeared m the dis- 
tillation flask Confirmmg the observations of 
Nitschmann et al (1943), more efficient removal of 
formaldehyde was obtamed by repeated distillation 
with dilute phosphoric eicid Undue hydrolysis of 
protem was avoided under these conditions 

The effect of formaldehyde concentration on the 
amount irreversibly combmed at pH 1 is illustrated 
m Fig 1 At concentrations above 4 % , most of the 
proteins exa mine d combme irreversibly with a small 
additional amount of formaldehyde The effect of 
pH on the amount of irreversibly combmed for- 
maldehyde from a 4 % (w/v) formaldehyde solution 
IS illustrated m Fig 2 The values plotted m the two 
diagramsare the moans of at least two determmations 
Tlie values of the minima of the curves m Fig 2, most 
of which occur between pH 1 and 2, are compared 
with the aspartic acid contents of the proteins, 
assuming that 1 mol of irreversibly combmed 
formaldehyde is eqmvalent to 1 mol of aspartic 
acid These values are summarized m Table 2, and 
compared with recent values for the aspartic acid 
content of the corresponding proteins The mcrease 
m the amount of irreversibly combmed formalde- 
hyde at pH 3 9 IS probably due to combmation with 
histidme, as these values are roughly proportional 
to the histidme content, if 1 mol of formaldehyde 
combmes with one histidme residue (cf Neuberger, 
1944) On mcreasmg the concentration of formalde- 
hj'de above 4 % (Fig 1), a considerable amount of 
histidme may react with formaldehyde at pH 1 
(Neuberger, 1944), explammg the values obtamed 
for carboxjffiaemoglobm and casern, both of which 
have a high histidme content Hlien samples of these 

2-2 
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latter proteins were hydrolyzed, after first bomg 
distilled in 0 3M-phosphonc acid to remove the 
reversibly combmed formaldehyde, they wore found 
to give no spot for histidine on a tuo dimensional 
chr om atogram 



Concentration of formaldehyde tolution (^7100 ml ) 


Fig 1 Effect of formaldehyde concentration on amount of 
urevereibly combined formaldehyde produced at pH 1 
and 100° for 1 hr Protem concentration 10 g /lOO ml 
Final concentration of sodium acetate in buffered 
solution 0 2n 

The mcreases at pH 0 46 are presumably due to 
partial hydrolysis of the proteins, followed by 
irreversible combmation of formaldehyde with the 
products of hydrolysis 

The role of amide nitrogen in the production 
of irreversibly combined formaldehyde 

If the formaldehyde combmed irreversibly between pH 1 
and 2 is combined with asparagme amide groups, deamida- 
tion should prevent this combmation Protems wore ao- 


1949 

cordingly deamidated by the Stembardt & Fugitt (1042) 
tcohniquc As these authors found it impossible to remove 
all the amide groups, those most easdy removed were 
believed to arise from glutamine residues It was also found 
that suflicicnt peptide bjdrolysis had token place to cause 



Fig 2 Effect of pH on amount of irrei ersibly combmed 
formaldehyde produced m 4% (w/v) formaldehyde 
solution at 100° for 1 hr Protem concentration 10 g / 
100 ml Fmal concentration of sodium acetate m buffered 
solution, 0 2n 

an mcrease, rather than a decrease, m the amount of com- 
bmed formaldehyde Also, an mcrease m the time of treat- 
ment with the deamidatmg agent moreased the amount of 
irreversibly combmed formaldehyde without deoreasmg the 
amide N Deamidation of wool m 1% NaOH solution 


Table 2 Relation of irreversibly combined formaldehyde and the aspartic acid content of proteins 


Aspartic acid calculated 




from treatment m 


Irreversible 

A 

t 

8%’ 


formalde 

4% 


hyde* 

formaldehyde 

formaldeh 

Protem 

(%) 

(%) 

(%) 

Carboxyhaemoglobm 

2 63 

11 6 

16 6 

Edestm 

1 84 

82 

12 0 

Casern 

1 76 

78 

10 9 

Glycmm 

1 60 

71 

10 1 

Ovalbunun 

1 38 

61 

6 8 

Qhadm 

1 36 

69 

— 

Wool 

1 17 

62 

62 

Qelatm 

084 

37 

— 

Silk 

044 

20 

29 


Aspartic acid fiom hterature 

(%) 

10 3 (4) 9 3 (1) 10 8(6) 
10 2 (7) 12 0 (2) 

6 7(1) 7 2(6) 

9 4(7) 

9 3 (6) 8 1 (2) 6 2(7) 

0 8(7) 14(1) 3 3(6) 

6 7(8) 7 3(8) 

3 4 (3) 6 8 (2) 

2 8 ( 6 ) 


* Treatment in 4% formaldehyde 

(1) Bailey, Chibnall, Bees & WiUiams (1943) 
• (2) ChibnaU, Bees & Wilhams (19436) 

(3) Dakm (1920) 

(4) Foster (1946) 


(6) Glordon, Martm & Synge (1941) 

(6) Hao & SneU (1946) 

(7) Jones & Moeller (1928) 

(8) Speakman & Townend (1937) 
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(Wonnell & Kaye, 1946) was unsatisfactory, as only a small 
amount of amide N was removed untreated wool, 116%, 
treated wool, 0 84 % Peptide hydrolysis took place, causing 
a higher value for irreversibly combmed formaldehyde In 
the case of wool, deamidation by the Plimmer (1926) 
teclmi(][ue was only slightly more successful untreated wool, 
116%, treated wool, 076%, untreated- wool cystine S, 

3 26 % , treated-wool cystme S, 0 63 % This treatment would 
also remove all the primary ammo as well as the guamdino N 
In the case of carboxyhaemoglobm, no amide N was 
removed by the Phmmer techmque untreated protein, 

1 08 % , treated protem, 1 10 % The amount of irreversibly 
combmed formaldehyde was approximately unchanged un- 
treated protem, 2 62%, treated protem, 2 74% 

The armde N is somewhat higher than the value obtamed 
by Rees (1946) after hydrolysis m cone HCl at 37° Prom 
the information he gives, it is unhkely that decomposition 
of serme and threomne can account for more than 0 03 % N, 
as the hydrolysis is only earned out for 4 hr 

As shown by Sanger (1946), 2 4 dmitrophenyl denvatives 
of ammo acids are remarkably stable to acid hydrolysis A 
specimen of a A 2 4-dimtrophenylasparagme was, therefore, 
prepared (Abderhalden & Blumberg, 1910), reorystallized 
and dned (m p 186°) A sample was treated with formalde 
hyde m aqueous acetone, containing a drop of cono Hd, 
evaporated to dryness in vaciio several tunes with water, to 
remove excess formaldehyde, the residue distilled m 100 mL 
0 3 m HjPO^ and the formaldehyde collected m NaHSOj 
solution If 1 moL of formaldehyde is equivalent to 1 moL 
of 2 4-dmitrophenyla^aragme, then the amount of for- 
maldehyde found was eqm valent to 118 % of the 2 4-dmitro- 
phenylasparagme taken, 

Aspaiagme combmes with formaldehyde to form 6 
hydrorytetrahydropynmidme-4 carboxylic acid (Schiff, 
1900, Cherbuhez L Stavntoh, 1922), and m order to deter- 
mmo the stabihty of this compound a sample of asparagme 
was heated with a known excess of formidehyde at pH 1 
and 100° for 1 hr m a sealed glass tube The tube was broken 
and the contents distilled m 0 3m H 3PO4 If 1 mol of 
formaldehyde is eqmvalent to 1 moL of asparagme, then 
the amount of combmed formaldehyde, stable to distillation, 
was eqmvalent to 116 6 % of the asparagme taken. 

Table 3 The Rp values of asparagine and Q-hydroxy- 
tetrahydropynmxdine-^i-carboxylic acid in phenol 
and s-colhdtne 

Sp values 

, ^ ^ 

Phenol 

Soil ent 0 3 % NHj s colhdme 

Asparagme 0 4 0 2 

0 Hidroxytetrahydro 0 91 0 46 

pjTimidine 4-ear- 
boxyhe acid 

The Rp \ alues (Consden et al 1944) obtamed on 
paper cliromatograms are summarized m Table 3 
Asparagme gave a brown, and 6 hydroxytetra- 
hj dropi-Timidme 4 carboxj be acid gave a yellowish 
brown spot -with nmliydrm, 6 bydroxytetrahydro- 
pj-Timidme-4 carboxylic acid was partly stable to 
Indrohsis at the boilmg pomt for 4 hr or at 38° 
for 22 dni-s m Ox-hjdrochlonc acid When this 


hydrolyzed material was developed m phenol over 
ammoma, a purple spot of aspartic acid was 
obtamed, together with a tailmg yellowish brown 
spot of 6-hydroxytetrahydropyrrmidme-4-carb- 
oxyhe acid When hydrolyzed m the presence of 
protem for 1 hr m boilmg 6N-hydrochlonc acid, the 
substance is completely decomposed to aspartic 
acid 

Table 4 Free amino N of proteins after reaction 
with nitrous acid 

(Free ammo N as percentage of total mtrogen, after 
reaction for 1 hr at 22° m 2 n-HC 1, all values are mean of 
two determinations ) 

Blacked out 


chamber In light 

CarbosybBemoglobm 6 66 6 69 

TTiHTilin (ash firee) 6 66 6 88 

Edestm 2 12 2 16 


The effect of Phmmer reagent on proteins 

In order to determine the specific nature of the 
action of mtrous acid m 2N-hydrochlonc acid on 
carboxyhaemoglobm, it was necessary to know the 
total firee ammo N of this protem, this was deter - 
min ed m the Van Slyke manometric apparatus, and 
also for msulm and edestm The results are given m 
Table 4 which shows also the effect of blaokmg out 
the reaction chamber A 40-W tungsten filament 
lamp was placed near the reaction chamber of the 
manometne apparatus when carrymg out deter- 
minations m the bght The results obtamed for 
carboxyhaemoglobm confirm the finding s of 
Fraenkel-Conrat (1943) that imduly high values are 
obtamed unless the chamber is blacked out How- 
ever, for insubn and edestm the effect is sbght 

Fraenkel-Conrat et al (1946o) stated that treat- 
ment 6f proteins with sodium mtrite and hydro- 
chloric acid would yield mtrogen eqmvalent to their 
primary ammo, amide and three quarters of then 
argmme, together with small amounts from un- 
specified sources However, as it has aheady been 
shown, it was impossible to remove any of the amide 
N from carboxyhaemoglobm under these con- 
ditions The value obtamed as percentage of total 
protem N was 10 52 % The theoretical value for 
the sum of free ammo H (6 55 %) and guamdmo N 
(calculated from argmme N as 7 2 % of total protem 
N (Maepherson, 1946)), was 10 95% 

DISCUSSION 

The action of formaldehyde on the disulphide S of 
wool has been studied m previous papers (Bowes & 
Pleass, 1939a, b, Middlebrook & Philhps, 1942, 
1947) Wormell & Kaye (1946) showed that under 
acid conditions and m the presence of salts at 35° 
formaldehyde would combme with the arrudo groups 
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of proteins Fraenkel-Conrnt cl al (19466) also 
showed that this reaction would take place at 
elevated temperatures and higher pH values If 
hair fibres are first boiled in formaldehjde at pH 1, 
they become resistant to suporcontraction m boiling 
bisulplute solution, and this also applies to hair 
fibres vhicli have been deaminated before the 
formaldehyde treatment On deamidation, how- 
ever, the fibres suporcontract, but, ns has been shovTi, 
onlj' a fraction of the amide groups arc removed, and 
these probablj consist of all the glutamine but none 
of the asparagine amide group It is, thoreforo, con- 
cluded that the resistance to suporcontraction is duo 
to cross Imkngo formation botv eon glutamine amide 
groups and others such ns the guanidine groups of 
arginine (Frnenkel Conrat <51 Olcott, 1940) These 
linkages are stable to boiling bisulphite solution, but 
can bo completely' ^omo^ cd by boiling the fibres in 
dilute phosphoric acid (see Table 1) The behaviour 
of fibres treated vith formaldehyde at pH 10 can 
be explained by the formation of Innthionino cross 
linkages by the action of the alkaline buffer on the 
cy’stme cross linkages As casein can combine -mth 
formaldehyde to produce linkages v hich are stable 
to boiling bisulphite solution, one formaldehyde mol 
bemg equu alent to one amide group, it is unlikely 
that cross linkages are produced betu eon tv o amide 
groups Although distillation in dilute phosphoric 
acid removes the formaldehyde cross linkages, some 
of the formaldehyde still remains in combination 
with the protein It has not been found possible to 
remove this formaldehyde, and estimate it satis- 
factorily, except by difference Tlio amoimt of 
irreversibly combmed formaldehyde tends to a 
maximum at 4 % formaldehyde concentration 
(Fig 1), and if the minimal values of irreversibly 
combined formaldehyde between pH 1 and 2 (Fig 2) 
are compared with the aspartic acid contents of the 
protems (Table 2), then 1 mol of formaldehyde is 
found to be eqmvalent to I'mol of aspartic acid 
From these results, it is suggested that all the 
aspartic acid is m the form of asparagme (cf Damo- 
daran, 1932, ChibnaU, 1942), which combmes with 
formaldehyde m acid, at elevated temperatures, to 
form 6-hydroxytetrahydropyrimidme-4-carboxyhc 
acid residues, stable to acid hydrolysis (Clierbuhez & 
Stavritch, 1922, Levy & Silberman, 1937) Asample 
of the free acid was prepared, and found to be stable 
to distillation m dilute phosphoric acid Although 
2\/'-substituted asparagme would combme with 
formaldehyde, rmg closure apparently did not 
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occur, for tins material was completely decomposed 
on distillation in dilute phosphoric acid 

Fully methylated wool combined irreversibly with 
less formaldehyde at pH 1 than imtreated wool 
This may bo duo to methylation of the asparagme 
amide groups 

Deamidation by the Phmmer (1926) techmque 
removed only a part of the amide mtrogen and the 
amoimt of irreversibly combmed formaldehyde was 
approximately unchanged Of the protems which 
voro deamidated by this technique, the residual 
amide was approximately eqmvalent to the aspartic 
acid content It is, therefore, probable that de 
amidation by the Phmmer teclmique only removes 
the glutamine amide nitrogen from proteins It is 
significant that no deamidation took place m the 
case of carboxj'haomoglobm, where, if the aspartic 
acid content is taken to be 10 3 % (Foster, 1946), all 
the amide nitrogen could be in the form of asparagme 
Frnenkel Conrat cl al (19466) refer to the difficulty 
of removing all the amide mtrogen, and their results 
could bo explained m this way If confirmed, this 
might bo used ns a method to estimate the distn- 
bution of anudo nitrogen in protems between 
glutammo and asparagme It should be noted that 
in all the protems exammed there is sufficient amide 
nitrogen to account for all the aspartic acid as 
asparagme The free carboxyl groups m these pro- 
teins may arise from the glutarmc acid residues and 
termmal amino acids 

SUMhlARY 

1 In acid conditions at 100° proteins combme 
with formaldehyde, some of which cannot be 
removed by distillation m acid 

2 In the protems exammed, probably all the 
aspartic acid is m the form of asparagme residues, 
and the glutarmc acid is in the form of glutanune and 
glutamic acid residues 

3 Formaldehyde forms cross linkages between 
the glutarmc anude groups and other groups, 
possibly the guamdmo groups of aiginme These 
cross linkages can be broken down by distillation m 
dilute phosphoric acid 

4 Formaldehyde probably combmes with the 
asparagme amide groups to form 6-hydroxytetra- 
hydropyrmiidme-4-carboxyhc acid, which is stable 
to boilmg dilute phosphoric acid 

Thanks are due to the Council of the Wool Indnstnes 
Research Association for permission to publish this paper 
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Studies on the Fermentation of Ceylon Tea 

8 FURTHER OBSERVATIONS ON THE RELATIONSHIP OF TEA FERMENTATION 

TO NORMAL RESPIRATION 


By H B SREERANGACHAR,* Tea 

(Beceived 25 

The ongmal hypothesis of Roberts that all normal 
respiration ceases when tea leaf is roUed in the pro- 
cess of manufacture, and that the carbon dioxide 
observed durmg fermentation is due to a secondary 
carbohydrate oxidation by the o-qumones, has been 
further amplified m his two later commumcations 
(Roberts, 1941, 1943) This hypothesis, however, is 
in conflict with the findmg m this laboratory 

* Present address Sarabhai Chemicals, Baroda, India 


Research Institute of Ceylon, TalawaLelle 
June 1948) 

(Sreerangachar, 1941) that when the leafis mecham- 
cally damaged, as m tea rolhng, a certam amount of 
normal respiration still persists, thus accoimtmg for 
the carbon dioxide produced by the fermentmg leaf 
Hus difference of opmion makes a critical examma- 
tion of the evidence presented onboth sides desuable, 
especially amce these mvestigations, seriously in- 
terrupted durmg the war, can now be contmued 
The problem centres round two mam issues 
First, is there any residual normal respuation m the 
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leaf wliicli 1)03 siilTerod damage similar to that in tea 
roUmg , and, secondly, do the tannin o-quinonos play 
a role m tlie carbohydrate oxidation m fermenting 
leaf? The purpose of the present paper is to discuss 
the evidence relating to tlioso tn o issues in the hglit 
of some fresh results obtained hero 

EXPERBIENTAL AND RESULTS 

Bcsidnal respiration in factory rolled lea leaf 

Residual respiration lias boon pro\ loiislv established 
m fresh or vitherod tea loaf after mincing but not 
m factory-rolled loaf Whether or not respiration is 
completely suppressed in tho rolled loaf depends on 
the nature and extent of tho mechanical injury 
inflicted on tho loaf tissues m rolling Tho breaking 
up of loaf depends upon manj factors such as its 
physical condition, tho mechanits of rolling and so 
on , but even after tho hardest rolling now in practice 
one can ala ays pick out 8o\oral green and xm- 
damagod pieces of tissue from a moss of rolled loaf 
Complete rupture of all tho colls does, no doubt, 
result in total suppression of respiration, but such 
extreme damage is nex or accomplished in a tea roller 
m Ceylon 

Tho most convincing jiroof of the presence of respiring 
tissue in rolled leaf is non furnished by direct ovpenmon 
tation Measurements of respiration m this and subsequent 
oxponments •wore done by conventional manometno 
methods using tho Barcroft differential apparatus Withered 
leaf, after one or more rolls of 30 mm m tho factorj', uas 
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ucll Hashed u itli uatcrtorcmovothoctpresscdpoij'phenols, 
both ovidi/ed and unovidizcd, uhicli alone could provide 
material for Roberts’s mechanism, 200 rag of this tissue 
Here suspended in 2 ml of uator and the respiratory CO, 
measured at 28° 

Table 1 gives results typical of those obtamed m 
60 X'’oral oxporimonts Difroront loaf has been used m 
tho different experiments shown in tho table 

Polyphenol oxidation during tea fermentation 

Tho fermentation period in the factory vanes 
gonorally from 2 5 to 4 hr , and it is almost certam 
that tho polyphonolic constituents are not com 
plotelj oxidized witlun that period, as is shown by 
a tjqiical case (Table 2) 

Exp 1 was carried out on factory samples whilst 
for exp 2 xxnthorod loaf w as mmced m the laboratory 
Tho total oxidizablo matter, winch was determmed 
by tho method of Show (1035), is proportional to the 
amount of pol^qilionols present (Eden, 1936), the 
extent of oxidation bemg mdicated by the fall m 
total oxidizable matter Part of this fall is probablj" 
due to condensation phenomena, but the fact that 
there is a correspondence between the fall m total 
oxidizablo matter on the one hand, and the Oj uptake 
(free from condensation) on the other, shows that 
tho mam conclusions are not much affected by such 
condensation changes The Oj uptake was deter 
named by means of a macro-absorption apparatus 
usmg 20 g of withered loaf The degree of accuracy 
obtamed with this apparatus is not as high as in the 


Table 1 Residual respiration in washed rolled leaf 


Time (mm ) 



16 

30 

00 

90 

120 

160 

180 

210J 

240 

CO, production (/xl ) 

Exp 1 

Withered loaf, 1 roll 

11 

20 

47 

00 

76 

80 

98 

102 

111 


Exp 2 

Withered loaf, 3 rolls 

14 

22 

36 

44 

64 

00 

03 




Time (nun ) 



6 

10 

16 

30 

46 

00 

76 

90 


CO, production (/xl ) 

Exp 3 

Withered loaf rolled 

Ist dhool* 

9 

10 

21 

32 

44 

66 

09 

70 




4th dhool 

0 

6 

6 

7 

12 

18 

23 

28 




Withered loaf rolled m 

2 

5 

9 

12 

14 

18 

21 

26 



Chvemcarot roller 

* Rolled leaf sifted through a standard mesh is called a dhool 4th dhool has had longer rolhng than the Ist dhooL 
t Chvemeare roller is a new type of roller which very quickly reduces green leaf almost to a pulp it Has not y 
been adapted for commercial manufacture of black tea 


Table 2 Oxidation of tea polyphenols during fermentation 


Period of 

Total oxidizable matter m terms of 
ml 0 06N-thiosulphate/g dry matter 

0, absorption 
dnrmg fermentation 

fermentation 

^ — 

« , 

m exp 2 

(hr) 

Exp 1 

Exp 2 

4m] /g dry wt ) 

0 



247 

— 

06 

273 

— 

— 

1 



223 

3 70 

2 

258 

204 

6 71 

4 

208 

190 

7 87 

6 

190 

184 

9 18 

24 

171 

147 

1103 
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usual manometnc experiments , but the results have 
a special value m that the conditions of loaf fermen- 
tation m this apparatus closolj’- approximated to 
those m the factorj' 

It -will be seen that at the end of 4 hr fermentation , 
which 18 perhaps the maximum imder factorj' con- 
ditions, the amount of oxidation is only 00-05 % of 
that attamed after 24 hr It is also clear that oxida- 
tion of polyphenols continues for periods much 
longer than the time usually allowed for fermentation 
m the factory 

Inlnbilton of respiration by tca-tanmn oxidation 
products 

In tea fermentation Roberts has observed that, 
after completion of tannm oxidation, CO. production 
falls to a very low lewl, and has, therefore, assumed 
a close dependence of the latter on the former 
Evans (1928), however, found that the CO. pro- 
duction decreased onlj' shghtly from the first to the 
seventh hour of fermentation My own results 
(Sreerangachar, 1941) have shown a shght fall m tlie 
COj output towards the end of fermentation, but this 
IS perhaps associated with the inlubitory effect of 
oxidized polyphenols on the normal respiration 
Richter (1934) has shown that catechol oxidase is 
inhibited by o-qumone, and Boswell & \Mutmg 
(1938) have established the inhibitory nature of the 
quinonoid compounds on the normal respiratory 
system of potato Other instances of oxidative 
qumone inhibitions are mentioned by Lipmann 
(1943) The possibihty, therefore, exists that m tea 
fermentation a similar inhibition of respiration may 
occur 

In order to test this, the respiration of fresh leaf 
was measured m the presence of oxidized tea poly- 
phenols and compared with the values obtamed free 
from this influence The figures m Table 3 represent 
the respiratory CO2 of 200 mg of firesh leaf sus- 
pended m 2 ml of water m one case, and 2 ml of 
black tea infusion (2 82 g /160 ml water) m the 
other The leaf samples were derived from the 
second leaf of a normal flush contammg a bud and 
two leaves The flushes employed m any one experi- 
ment were from the same bush The results were 
confirmed by several smular experiments, they 
demonstrate that there is an inhibition of the 
normal respiration of the leaf by the tea-tannm 
oxidation products, and explam why there is a 
fall m respiratory rate towards the end of tea 
fermentation 


Stimulation of respiration by catechol 

Boswoll & Wliitmg (1938) have conclusively 
slioivn that on adding catocliol to respiring potato 
slices both the O2 uptake and the CO2 output are 
increased It must bo oraphosizod that this stimu- 
lation of CO2 output 18 not duo to an in vitro reaction 
m which tlio o-qumono acts os H acceptor m carbo- 
hydrate oxidation, but that it is duo to a stimulation 
of the in VIVO rospiratorj’^ sj’stom Similarly, when 
catechol is added to the fermenting leaf-mmee 
system, m which there is a certain amount of residual 
respuration, stimulation of the latter could naturally 
follow 

Results given m Fig 1 afford confirmation of this 
hypothesis m that there is a stimulation of tea-leaf 
respiration by catechol Tins has been mvestigatod 



by suspendmg tea leaf m 2 ml of 0 OSm-solution of 
catechol and taking measurements m a Barcroft 
respirometer To facihtate observation of results 
from the moment of polyphenol addition, catechol 
(0 6 ml , 0 2m) was held m a dangling tube which was 


Table 3 I nhtbUton of respiration by oxidized tea polyphenols 


Tune (nun ) jg 

Leaf snapended m water (pi COj) 23 

Leaf suspended in tea infusion (pL COJ 16 


30 46 

42 63 

30 48 


60 

76 

90 

86 

109 

128 

62 

79 

96 


106 120 

161 174 

104 120 
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dislodged and mixed wth tlie contents of the flask 
(1 5 ml of water) at 7ero time As before, the loaf 
samples ^vero derived from the second loaf of the 
flushes from the same bush It is clear that the 
stimulation of COj output, observed by Roberts 
■nhen catechol nos added to fermenting tea loaf, is 
due more to the stimulation of normal respiration in 
imdamaged portions of the leaf than to a greater 
production of o-qmnoncs causing a higher cnrbo- 
lij’^drate oxidation in the damaged tissue Any 
possible mterforenco in the above experiment by 
reactions at the cut ends of the loaf nos eliminated 
bj' a prior v ashing of the cut pieces, and it was 
found bj’’ a control ex-poriment that w hen the tissues 
were so washed direct oxidation of added catechol 
was negligible 



0 40 80 120 


Time (min ) 

Fig 2 Respiration of tea leaf I, normal, II, m presence 
of 0 05m catechol, leaf cut mto 5 pieces, in, ns in n, but 
leaf cut mto 28 pieces 

There is reason to beheve, however, that the 
amount of the cut edges influences this stimulation 
of respiration by catechol Thus when 200 mg of 
leaf were cut mto twenty-eight pieces the stimulation 
was higher than when the same amount of leaf was 
cut mto five pieces (Fig 2) It appears, therefore, 
reasonable to expect that, m the case of finely 
chopped tissues or of leaf mince such as that used 
by Roberts, the stimulatory effect would be still 
higher than that observed here The exact mechanism 
of t hi s stimulation calls for further study but the 
observation provides perhaps a more suitable ex- 
planation of Roberts’s results 
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DISCUSSION 

By using an attachment whicli would grind nuts to 
a paste Roberts claims to have caused more ex 
tonsivo structural damage than I did, and he holds 
that factory rolling causes similar damage to the 
loaf In his opinion the damage caused m both cases 
13, ns already mentioned, sufficient to suppress com 
plotoly all normal respiration It can be shown, 
however, that oven under these conditions of 
grinding there exists an appreciable amount of 
normal respiration m the finely mmced tissues 
Roberts tL Sarma (1040) have given and eq 
values for sev'oral plant tissues ground by'Roberts’s 
method Lot us first consider the two simple 
sj'stems, o g the two non-tanniferous tissues 
Tropacoltnn majus and Hibiscus rosasinensis Calcu 
latod on the and the e q figures these tissues vnll 
havm a carbon dioxido output of 1 OSandl dOfdlmg 
drj’' wt of tissue/lir respoctiv'oly These v alues are 
of tlio same order as that found by Jensen (1923) 
for Tropacolinn majus (1 29) As these tissues are 
non-tanniforous tliore is no question of poljTphenol 
oxidation occumng after mmcing, and smee the 
E Q IS very near unity the carbon dioxide is pre 
sumably due entirely to normal respiration of un 
damaged tissue 

Only four out of the 15 plant tissues for which 
Roberts <L Sarma have given the E Q vmlues seem 
to hnv'e corbon dioxide outputs outside the abov^e 
range It is qmte possible that an explanation of 
their lugher carbon dioxide outputs can be found 
on the basis of the wade variation of respiratory 
mtensities m different plant species 

Roberts & Sarma (1940) place undue rehance on 
the correlation between tannm content and 
Tills correlation r= 0 6160 is vulnerable at two 
pomts The mere establishment of statistical signifi 
cance is no guarantee of an important degree of 
common causation between the variables Trans 
lated mto terms of the predictabdity mdex I 
(Treloar, 1936) the value is 0 2122, from which it is 
apparent that only 21 % predictabdity of the de 
pendent variable is possible Further, even if a high 
and significant value of r were shown, tins would not 
establish the causal sequence between the o quinone 
production and carbohydrate oxidation, for at no 
pomt do Roberts & Sarma differentiate between 
oxygen used for carbon dioxide production and 
oxygen used to produce o qumone destmed to form 
condensation products This latter oxygen being the 
greater part (mde the low values of e Q ) is un 
doubtedly capable of produemg a correlation that 
will effectively mask any correlation between tannm 
and oxygen used for carbohydrate oxidation With- 
out the establishment of a partial correlation which 
cannot be calculated from the data, the existmg 
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correlation is likely to be spurious os a basis for 
stipulating common causation 

The amount of carbon dioxide produced m the 
various tissues is a better indication of the role of 
tannins as H carriers m carbohydrate oxidation than 
the Qoj values There appears, however, to bo no 
correlation between the carbon dioxide output and 
the tanmn content, as the correlation cooflficiont 
obtamed (r=0 29) falls much short of sigmficance 
(theoretical value = 0 5139 for P = 0 05) If the 
normal respiration, has not completely ceased on 
grinding the non-tanniferous tissues, there is no 
reason why we should assume anjd.lung different m 
the case of tea leaf 

Perhaps the most important evidence which is 
considered to support Roberts’s theor 3 '^ of the role of 
o-qumones m carbohydrate oxidation is the stimu- 
lation of the carbon dioxide output m the fermontmg 
leaf by added polyphenols (catechol) It would 
mdeed be difficult, as Roberts states, to explain this 
stimulation on my hjqiothesis, were it not that 
polyphenols hke catechol are found to have a stimu- 
latmg effect on the normal respiration of leaf (Fig 1 ) 
Roberts’s (1941) picture of the equilibrium of 
the oxidation-reduction processes withm the mtact 
plant cell may be essentially correct, and it may also 
be possible that mechamcal damage destroys the 
organization of the reactive surface, resultmg m the 
cessation of normal respiration and anaerobic fer- 
mentation The question, however, still remains as 
to whether all the active respiratory surface is com- 
pletely disorganized by such mechamcal injury as 
that occurrmg m a tea roller As mentioned earher, 
I have not reproduced exactly the conditions of the 
Tocklai experiments, nor is it possible to do so m the 
absence of detailed mformation about the grinding 
which IS at present lackmg , but this does not detract 
fi-om the vahdity of my conclusion, especially smce 
it can be shown from Roberts’s own data that 


respiration vas not completely suppressed in liis 
exporimonts as v ell 

It has boon made clear (Srcorangachar, 1943o) 
that the cj'tocliromo theory of toa fermentation 
cannot bo accepted in view of tho spectroscopic and 
mnnomotric findings Tho nature of the enzyme 
responsible for fermentation has boon further in- 
vestigated, and it has been shown (Sroorangachar, 
19436) that tea polyphenol oxidase is also a copper- 
protem compoimd Tho evidence presented hero 
against Roberts’s hypothesis of tho relation between 
normal respiration and fermentation weakens yet 
anotlior link in the mechamsm of toa fermentation 
advanced by him 

SUMjMARY 

1 Residual respiration has boon experimentally 
demonstrated m the factory -rolled withered tea leaf, 
thus establishing that normal respu-ation is not 
totallj' suppressed by the mechamcal damage m- 
flictod m rollmg Also tho existence of residual 
respiration is inferred firom Roberts’s (1941, 1943) 
omi data 

2 Tho mam items of Roberts’s evidence have 
been discussed and other explanations furmshed for 
them in the light of the above observation 

3 Tea-tannm oxidation productsproduced diuing 
fermentation inhibit the normal respiration of the 
leaf, but addition of fresh polyphenols such as 
catechol has a stimulatmg effect on respiration 
These observations explam the so-called dependence 
of carbohydrate oxidation on the tea-taniun o- 
qmnones 

The author wishes to thank Mr J Lamb, Biochemist, for 
many helpful suggestions and advice, and Dr R V Noms, 
Director, for his contmued mterest m this investigation 
Thanks are also due to Dr T Edeh, Agncultural Chemist, 
for his critical reading of the manuscnpt 
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The /f-Toxin (Collagenase) of Clostridium welchii 

2 THE EFFECT OF ALIvALINE pH AND HEAT 

By ETHEL BIDATOLL, Wellcome Physiological Research Lahoralories, Bcclcnliam, Kent 

(Received \0Junc 1048) 


In a previous paper (Bidwell \an Ho^'nlngon, 
1948) the partial purification and cliarncton/ation 
of the K-tOMn (collagenaso) of Clostridium nelcliu 
ivas described It vas observed that dialjsis of 
purified enz 3 Tno preparations against borate sodium 
carbonate buffer at pH 10 2 resulted in an increase 
in the activity of the onz 3 *mo against ‘azocolF 
(commercial Inde ponder to nhich an nzo djo has 
been coupled , see Oaklej’^, ^^’’arrack <L \ an Hoynin- 
gen, 1940), and a marked decrease m the immimo- 
logical test dose using azocoll as indicator Tlie effect 
of dialj'sis at pH 10 2 lias smeo boon ropeatodlj- 
observ^od In six cases tlioro was a considerable rise 
m enzyme activity (‘recover^'’ 120-210%), in four 
coses the activity nos practically imchanged (90- 
110 %) and m four cases there was considerable loss 
In all coses we confirmed that there was a marked 
decrease m the immunological test dose with azocoll 
as mdicator, but the extent of this apparent increase 
in combmmg power varied considerably {‘recovery’ 
145-276 %, moan value 188 %) 

It nas found by Dr A Pirie (privote commum- 
cation) that one of oiw collagenaso preparations was 
active m dismtogratmg ox cornea collagen, but that 
a later sample of ‘collagenose’, winch we expected 
from our tests on azocoll to be about as active os the 
first, was totally devoid of the power to digest ox 
cornea collagen Reference to our records showed 
that this second sample had, at an earher stage m 
its history, been dialyzed at pH 10 2 Several 
samples which had been thus treated were tested for 
abfiity to dismtegrate muscle find collagen ‘paper ’ 
(Oakley et al 1946), and m every case it was found 
that although the material was still luglily active m 
bringing about solution of azocoll, no trace of 
activity against muscle or collagen paper remamed 
Further mvestigations on the effect of alkahne pH on 
coUagenase preparations are reported m the present 
paper 

METHODS 

The activity of enzyme preparations m bnngmg about 
solution of azoooU was measured m Q units/ml (Bidwell & 
van Heyningen, 1948) It must be understood that, as the 
work to be described will demonstrate, such enzymio 
activity could be due to true coUagenase (i e unaltered 
collagen as specific substrate) and other enzymes which can 
attack azocoll but not collagen In the sequel the term 


azocoll eiizimo' will bo used to denote enzymic actmtv 
measured against azocoll Collagenaso antigen was measured 
bj Its combining power m k units/ml by the methods of 
Oaklei ctal (1940) using8erumR8537(180anti Kumts/ml ) 
as standard with (a) azocoll, (b) coUagenpaper, and (c) muscle 
ns indicators, Iccithinaso antigen m Lo units by the method 
of \an HeiTungcn (1948), total nitrogen by the micro 
Kjcldahl technique, pH values were measured electro 
metrically nt 15° using a glass electrode For the com 
position of the borate buffers used see Clark (1928) 

EXPERIMENTAL AND RESULTS 

Four soparato batches of Cl welcJnt type A crude 
filtrate wore worked up accordmg to the method of 
Bidwoll & von Heymingen ( 1 048) Table 1 shows the 
stages m the purification process and a comparison 
at eoch stage between the azocoll enzyme content 
and the ‘ coUagenase ’ antigen content os detemuned 
■n ith the tliree mdicators azocoU, coUagen paper and 
muscle for a typical purification It is probable that 
the first ommomum sulphate precipitation results 
m a change resembimg toxoidingm that the enzyme 
activity appears to be dimimsbed m relation to total 
ontibody-combming power, but actiw enzyme is 
recovered preferentially to total antigen m the 
calcium phosphate treatment It is clear from 
Table 1 that true collagenaso antigen, measured 
usmg muscle or collagen paper as mdicator, is 
retamed throughout the stages of the purification 

The effect of alkaline pH on coUagenase preparations 
Prehmmary work was done entirely on purified 
enzyme preparations by dialyzmg against borate 
NaoCOj buffer at pH 10 2 It should be emphasized 
that m all cases the pH was restored to c 7 4 before 
testmg for enzyme or antigen content 

The effect on purified enzyme preparations of (a) dialyzing 
against borate buffers of varying pH and (b) adjusting the pH 
by alkali The enzyme preparation used (B 476 G) had been 
purified by the method of Bidwell & van Heyningen (1948) 

It oontamed 1100 Q units of oollagenase/ml , 3900 k umts of 
coUagenase antigen/ml (usmg azoooU as mdicator) and 
1 78 mg non dialyzable nitrogen/ml For the foUowmg 
espemnenta it was diluted 1/60 m borate buffer pH 7 4 
(a) Samples were dialyzed at c 2° against seven daily changes 
of borate buffers as foUows Pahtzsoh’s borate buffer pH 7 35 
and 8 47, 0 06 m sodium borate pH 9 17 and Kolthoffs 
borate NajCOj buffers pH 9 69, 10 34 and 10 73, respectively, 
and each was then redialyzed to eqmhbnum against borate 
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Table 1 Rdation beiioceii activity of coUagcna^c enzyme {measured in Q vmts/ml 
antigen content, using as indicator {a) azocoU {k^ umtsiml ), (b) collagen 
(c) muscle {kjj tinifs/ml ) 
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) and apparent collagcnasc 
paper {kq iimts/ml ) and 

Bolatn 0 activities 

A — 


Stage of purification 
Crude filtrate 

Precipitated 'with 
(60 kg /lOO 1 ) , scum dissolved 
m \7ater 

Adsorbed on calcium phosphate 
and eluted vith 10% (v/v) 
(eluate I) , 

Pluate I dialysed against tap 
water 

Second calcium phosphate treat- 
ment, givmg eluate H 

Decolorized with 1 % (w/v) 
charcoal 

Dialyzed agamst tap water 

Solution of precipitate ohtamed 
on adding 2 vol saturated 
(NH 4)^04 solution 
Dialyzed agamst borate huSer 
pH 7 4 



K 

test doscs/ml 



units/ units/ units/ 

ml ml ml 

hj[ units/ 
ml 

unite/ 

ml 

t 

units/ 

ml 

Ko units/ 
ml 

Kii units/ 
ml 

Ko units/ Kji umts/ Q units/ 
ml ml ml 

Q units/ 
ml 

1 07 

42 

39 

3 1 

1 1 

1 4 

26 

1 8 

48 

200 

125 

180 

1 0 

1 1 

42 

37 

19 

49 

31 

31 

1 0 

1 0 

20 

1 0 

13 7 

33 

22 

22 

1 6 

1 5 

24 

1 0 

28 4 

70 

48 

51 

1 6 

15 

27 

1 8 

32 

07 

40 

40 

17 

15 

2 1 

14 

22 

60 

35 

35 

14 

1 4 

23 

1 6 

466 

1160 

500 

070 

23 

1 7 

26 

1 3 

365 

1240 

610 

480 

24 

26 

36 

14 


buffer pH 7 4 Volume changes were-negbgible ( < 2 %) The 
possible specific effect of the carbonate ion mtroduced at 
the change fixim Pahtzach to Kolthoff buffers was con- 
sidered, but, m a smular experiment the effect of dialysis 
against a carbonate bicarbonate buffer of pH 9 1 (Delory A 
King, 1945) was shown to be the same as when 0 05 m- 
sodium borate at the same pH was used (6) A second set 
of samples of diluted enzyme preparation were adjusted 
with 0 iK-NaOHto pH values corresponding to those of the 
buffers used m the dialysis experiment Each sample was 
divided mto three equal parts which were then treated 
separately as follows (1) Heated at 37° for 0 6 hr , cooled to 
16° and pH readjusted to 7 4 (2) Left overnight at c 2°, 
pH readjusted to 7 4 (3) Left 7 days at 2° and pH readjusted 
to74 

The preparations were tested for activity agamst azocoU 
(m Q umts/ml ) and for k antigen content usmg both azocoU 
and muscle as mdicators The results are expressed m Figs 1, 
2 and 3 as a percentage of the value for the preparation 
which had remamed at pH 7 4 throughout the experiment 
In the concentration used the enzyme appeared to be stable 
at pH 7 4 m aU the expenments 

Where the enzyme was kept throughout m the 
cold, the activity agamst azocoil was minimal after 
treatment at pH 8 5-9 0, with mcreasmg activity 
after treatments at pH 9-10 3 and then a very sharp 
drop after bemg held at pH 10 8 (Fig 1) True 
coUagenase antigen (tested agamst muscle, see 
Fig 2) was appreciably unstable at pH 9 0 and no 
muscle dismtegratmg activity remamed after treat- 
ment at pH 10 3, smee even m the total absence of 
antiserum the undiluted enzyme preparations were 


without effect on muscle or collagen paper The 
results were quahtatively the same whether the pH 
was changed by simple adjustment or by dialysis, 
they cannot, therefore, be ascribed to the removal 
by dialysis of some factor which dissociates from the 
enzyme at these alkalme pH values, but may be 
due to the formation from some mactive precursor 
of a second enzyme, which can dismtegrate azocoll 
but not true collagen 

The effect on the apparent combining power as 
tested usmg azocoll as mdicator is shown m Fig 3 

When crude enzyme preparations were dialyzed 
agamst borate-NajCOs buffer at pH 10 2 the re^ts 
were quahtatively similar to those found for purified 
enzyme preparations and so will not be given in 
detail In all cases most of the lecithmase activity 
appeared to be destroyed 

The effect of heat on purified collagenase prepara- 
tions Equal volumes of a partially purified colla- 
genase preparation diluted m borate buffer pH 7 4 
were heated m a water bath at various temperatures 
for 10 m in and then immediately cooled Deter- 
minations of azocoll-enzyme activity and combining 
power with muscle and azocoll as mdicators were 
made Fig 4 shows that loss of muscle dismtegratmg 
activity was apparent after heatmg to 60°, and com- 
plete after heatmg to 66°, but there was a shght 
nse m azocoU-dismtegratmg activity after heatmg 
to 60°, and at least 60 % of the azocoll-enzyme 
activity remamed after heatmg to 66° 
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Fig 1 Azocoll-dismtcgrating actiiiU after nlkah treat- 
ment (ft) pH changes efTcctcd dialysis against borate 
bufifors (-A-A-) (6) pH changes cfTectcd b\ addition of 
0 In NaOH, (1) licated at 37° for 0 5 lir , - 0 - 0 -, (2) left 
overnight at c 2°, - x - x (3) left 7 days ate 2°, 
pH readjusted to 7 4 intli 0 1 n-HCI before testing 



Fig 2 Collagenase antigen (combinmg power, muscle 
as mdicator) after alkab treatment Symbols as m 
Fig 1 




Temperature during alkali treatment 

Fig 4 The effect on the activity of purified collagenase 
preparations ofheatmg for lOnun atvanoustemperatni^ 
Kesnlts are shown as a percentage of values obtamed for 
a control solution kept at room temperature during t e 
heatmg experiments AzocoU enzyme activity, - x - x -, 
antibody combining power (azocoU as mdicator), - 0 - 0 -. 
antibody combining power (muscle as mdicator), -A-A- 
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Solutions of purified collagenase preparations may 
undergo a similar change on long storage, since one 
such preparation after more thon 2 years’ storage at 
c 2° had lost most of its musclo-dismtegrating 
actmty -wliile retainmg its ability to dismtegrato 
azocoU Dutlue & Lorenz (1948) had previously 
made a similar observation, old preparations of 
purified collagenase ■which had lost their true colla- 
genase activity still possessed high gelatinoso 
actmty 

The effect qfalkah treatment on the ability of enzyme 
preparations to disintegrate hide poivder and to split 
gdatm Tlie dismtegration of commercial hide 
powder by an enzyme preparation which had been 
dialyzed at pH 10 2 was compared with that of the 
correspondmg preparation before treatment, usmg 
the method described by Bidwell & van He 5 mmgen 
(1948) The enzjnne preparations were diluted to 
eqmvalent actmties against azocoll O ver tlie range 
of pH tested (4 3-8 0) the amount of lude powder 
brought mto solution by the two preparations was 
very nearly the same The preparations were almost 
mactive at pH 4 3, but firom pH 6 0 to 8 0 there was 
httle variation m actmty Controls were run with 
heat-mactivated enzyme preparations as usual 

B'ypenmenta using enzyme preparations •which had been 
dialyzed at pH 10 2 were made on gelatm, using the non- 
, preoipitable nitrogen technique (Bidwell & van Heyningen, 
1948) and also the titration of hberated — ^NHj and — COOH 
groups 

Five ml enzyme preparation (o) or (b) (see below), or the 
corresponding heat-mactivated enzyme for controls, were 
pipetted mto 40 mL gelatm (0 6 % (w/v) m borate buffer 
pH 7 2) at 37°, meubated 1 hr at 37°, then 5 ml phospho 
tungstic acid (6 % (w/v) m n-HjSO^) added, shaken, filtered 
after 5 mm through IVhatman no 3 papers and total N 
determmations earned out on filtrates Enzyme preparation 

(а) was a purified collagenase preparation which had not 
been treated with alkah Enzyme preparation (6) was a 
similar preparation after dialysis agamst borate NajCOj 
buffer at pH 10 2 

The activity of the two preparations agamst azopoll was 
approximately the same (6 Q umts/ml ), m the expenment 
with gelatm preparation (a) gave 6 69 mg N/60 ml filtrate, 

(б) gave 3 69 mg N/50 ml. filtrate 

The results show that the alkah-treated pre- 
paration was still active agamst gelatm, but for a 
given activity against azocoll it appeared to be 
rather less active agamst gelatm them the untreated 
preparation Both preparations hberated eqmvalent 
amounts of — NH^and — COOH groups The results 
on gelatm may be compheated by the possibihty 
that part, at least, of the gelatm-sphttmg activity 
of purified enzyme preparations may be duo to yet 
another enzyme, neither collagenase nor the enzyme 
formed on alkah treatment (Bidwell & van Heynm- 
gen, 1948, and unpublished results) 

Some of the earher work on substrate specificity 
was repeated, usmg enzyme preparations before and 


after treatment at pH 10 2, which wore lughly active 
against azocoll The action on casein and urea- 
denatured haemoglobin was tested by a method 
based on that of Anson (1938), but the incubation 
was carried out at 37° for 0 6 hr The untreated pre- 
parations showed onl}’' a very slight trace of actimty , 
the alkah-treated preparations wore completely 
inactive 

DISCUSSION 

It seems reasonable to reserve the name ‘colla- 
genase’ for an enzyme capable of disintegrating 
‘natue collagen’, but the decision as to wliat is, 
or IS not, ‘native collagen’ is a matter of some 
difficulty (see, for example, the discussion by Kanag 5 % 
1947) Oakley', Warrack Warren (1948) showed 
that filtrates of Cl ivdchii types B and E (Bosworth, 
1943) contain a substance capable of disintegratmg 
azocoll but not muscle or collogen paper The fore- 
gomg experiments support their view that abihty 
to dismtegrato lude powder (or azocoll) caimot be 
used as a specific tost for true collagenase activity 
(see also Todd, 1947), but providmg the latter is 
established by' other means, azocoU is stiU useful as 
a substrate m quantitative estimations At present, 
m the absence of evidence to the contrary, we regard 
as a true collagenase an enzyme capable of dis- 
mtegratmg muscle and collagen paper m the yvay 
described by Oakley e/ oZ (1946), as wellasbrmgmg 
about solution of azocoll and sphtting gelatm 

The experiments cited above showed that true 
collagenase (active against muscle and azocoll) began 
to be unstable m the cold at pH 8 5-9 0 and was 
completely destroyed at pH 10 3 On wa rmin g to 
37° destruction w£is greatly accelerated, so that after 
30 mm at 37°, even at pH 8 6 more than 80 % was 
destroyed It is suggested that a second enzyme 
(mactive agamst muscle, but active agamst hide 
powder and azocoll) appears at the higher pH values, 
the formation bemg slow m the cold at pH 9 and 
only considerable at pH 10 At still higher pH values 
(beyond 10 5) this enzyme also is destroyed Heatmg 
at 3 7 ° speeds up both the formation and destruction of 
this postulated second enzyme, so that minimum and 
maximum azocoU-enzyme activities are observed 
at rather lower pH values than when the treatment 
is carried out m the cold Heatmg to rather higher 
temperatures (c 45-60°) at pH 7 4 has an effect 
which appears to be similar to that of alkah treat- 
ment 

Smee antisera, produced m response to the in- 
jection of culture filtrates of 01 welchit type A, 
contam antibody to this second enzyme, an antigen 
capable of stunulatmg its production must be 
present m toxic filtrates which have not been alkah 
treated This does not necessarily imply that crude 
culture filtrates contam the second enzyme m an 
active form smee the zymogen may itself be able to 
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stimulate productiou of antibody capable of neutra- 
bzmg the action of the enzjnne 

Walbum & Keymann (1933, 1934) mvestigatod 
the gelatmase of Cl welcJni (presumably typo A) 
and produced evidence to show that the enzyme hod 
two pH optima — at c 6 0 and 8-9 respectively, with 
a mmimum at c pH 7—7 6 The enzyme was m- 
cubated witli the gelatin substrate at 37° for as long 
as 18 hr They defined 1 onz 3 ano umt as that 
quantity of onz 3 Tno which had digested the golatm 
to such an extent tliat the mixture hod just lost the 
capacity to form a solid gel on cooling under 
standard conditions Walbum & Reymann tended 
to the view that culture filtrates of Cl wclcJm contain 
two gelatinases vliicli have different pH optima 
The results of the present v ork suggest that imder 
the conditions they used, Walbum &. Reymann may 
have been observing the resul tan t of several effects — 
the destruction at imfavourable pH of the ‘primary ’ 
enzyme present m the original culture filtrate, the 
formation of the second enzjnne and in addition the 
usual variation of onzjrme activity inth pH Tlio 
balance between the formation of the second 
enzyme at higher pH and the fact that its activity 
would appear from our v ork to bo optimal at about 
neutral pH might very well explam Walbum & 
Reymann ’s observed second peak at pH 8-9 Their 
observation of a mmimum at pH 0-7, i e low er than 
would be expected from the present work, may be 
connected with the fact that over this range they 
were usmg phosphate buffer winch appears to be 
unfavourable to collagenase (Bidwell & v^an Hey- 
nmgen, 1948) Jenmson (1946, 1947) has sliown that 
Cl histolyticum produces a true collagenase, so that 
the results of Walbum & Reymann (1934), showmg 
two pH optima for the action of Ol Instolyticum 
filtrates on gelatm, may also be due to the com- 
bmation of several efiects as discussed for Cl 
wdchti 

Gonzalez (1946), m his mvestigation of the proteo- 
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lytic activity of toxic filtrates of gas gangrene 
bacteria, conducted his enzyme reactions at 60°, 
which appears from the present work to be m 
advisable, at least for Cl welchti filtrates, smee this 
IS the temperature at which destruction of the true 
collagenase and formation of the seco^ad enzyme was 
most marked 

The immunological relation between true colla 
genaso and the enzyme present m alkah-treated 
preparations is being mvo^igated by my colleagues 
DrC L Oakley and JIiss G H Warrack The results 
of this work will bo reported separately 

STBEMARY 

1 The effect of mild alkali treatment and of heat 
on preparations of the collagenase of Ol welchti 
tjqio A has been mvestigated The activity of such 
preparations m dismtegratmg muscle and collagen 
‘ paper ’ is readily destroyed at pH values higher than 
8 6 oven m the cold 

2 The effect of alkah treatment or of heatmg on 
the actmty of these preparations m dismtegratmg 
hide powder and azocoll did not run parallel to the 
effect on the muscle-disintegratmg activity 

3 It 18 suggested that, as a result of treatment at 
pH 9-10, or heatmg to c 60° for 10 mm a second 
enzyme is formed, derived either fi:om collagenase or 
some other precursor present m culture filtrates 

4 This second enzyme dismtegrates hide powder 
and azocoll, but is not a true collagenase, smee it is 
without action on collagen paper and muscle It is 
destroyed at pH values beyond 10 6 or by heating 
to 60° for 10 mm 

I am grateful to JIiss G H Warrack for many of the 
immunological tests, to Mr G A Spiby and Miss Beryl M 
Sievwnght for techmeal assistance, and to Dr E S Duthie, 
Dr 0 L Oakley and Miss G H Warrack for helpful dis 
cussions 
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The Sedimentation Constant, Diffusion Constant 
and Molecular Weight of Lactoglobulin 

By B CECIL and A G OGSTON, Department of Bwchenmtnj, University of Orford 

(Rccen cd 9 June 1948) 


In a pte\aous paper (Cecil & Ogston, 1948) "vvo lia\o 
desenbed eYpenmonls directed to impro\ nig and 
testing the accuracy of tho ultmconlnfiigo, using 
lactoglobulin as a test substance Wo satisfied our- 
selves that wo could measuro sodimontation con- 
stants correct to 0 5 % Lactoglobulin u as used as 
a working substance m those exponmoiits , uo 
desenbe here some further oxponments on its sedi- 
mentation and diffusion 

EXPERIMENTAL 

ilalenals Three preparations of lactoglobulin acre made 
from different samples of milk Preparations 1 and 2 acre 
made by the method of Palmer (lOI-t) Preparation 3, 
made by a combmation of the methods of Palmer and of 
Sorensen (1939), was found to bo ns homogeneous ns pro 
parations 1 and 2, but was obtained in greater j icld and a itli 
less labour The method was ns follows 
Fresh milk, warmed to 30®, was eloared of cream by means 
of a de Laval centnfuge, using the 38 mm graiity nng, 
39 2 g of sohd (NH4),SO«/100 ml of milk were added Tho 
preapitate, containing the casein nnd some n hey globulins, 
was granular and filtered easily A further 11 Og (NHjljSO^ 
were added per 100 ml of filtmte, and the precipitate, after 
leaving to settle overnight, was then cosily separated by 
filtration It was dissolved in the minimal volume of water 
Dialysis at pH 6 8 was found to give no precipitate, tho pH 
was, therefore, adjusted directly to 6 2 by dialysis agamst 
^tate buffer Dialysis agamst glass distilled water then 
led to ciy8talh2ation 

KecrystaUization was m all cases picrformed by dissolving 
f s crystals m dilute NaCl solution and dialyzing against 
glass-distiUed water Insoluble matonal, n hen present, was 
removed by centnfugmg and any adjustment of pH 
was obtained by dialysis agamst buffer Tho pro- 
P^tion of solutions and determination of protom concon 
0 ^to^ been desenbed m the previous paper (Cecil & 

Stdimentation measurements These were made over a 
range of concentrations usmg preparation 1, m 0 iM NaQ, 

51 Na acetate and 0 04 m acetic acid, and measurements 
re mde also m buffers contaming 0 1 m NaCl, 0 1 M-Na 
and 0 01m and 0 2m acetic acid respectively 
jj jr ^ of 4 74 for acetic acid, the pH values of these 

^ ^ ^ ^ measurements were 

(TaW n standard procedure, and the results 

thenn corrected for the error of the rotor 

SEain ^*8 f shows a plot of sedimentation constant 

bv T 1, ^fooi concentration, and mcludes valnes obtamed 
kctoglobnl*^ ^ Ogston {1946J on a different preparation of 
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Diffusion conilanl Diffusion nms were made in tho 
pH 5 Rhuffer mth samples of three different preparations 
of lactoglobulin bj tho method of Coulson, Cov, Ogston Su 
Philpot (1918) None of these proved to bo quite homo- 
geneous, h\ the criteria described by Ogston (1949) which 
n ere based on the rclatn c positions of tho intcrforcnco bands 
arising from tho diffusion boiindarj', in spite of ovhaustive 
recry stalhzation and dialysis against buffer However, 
Ogston (1949) has shown that it is possible to correct for tho 
effects of heterogeneity on tho apparent diffusion constant 
Table 2 gi\ cs the apparent nnd corrected diffusion constants 
obtamcil in buffer at 20®, and the \alucs of tho diffusion 
constant corrcctcrl for the effect of buffer salts (Djo corr ) 

RESULTS AND DISCUSSION 

The sedimentation eonstant Tho mean value of iSao 
(corr ) (Cecil <L Ogston, 1948) fora protem concentra- 
tion of 1 g /lOO ml was 2 81 x 10-”, extrapolation 
to zero concentration gives a value of 2 83 x 10“^® 

(Fig 1) Those values agree with previous measure- 
monte on anotlior preparation of lactoglobulm made 
in this laboratory, but tliey disagree seriously with 
tho results of Pedersen (1936) 

Pederson obtained mean values of 3 12 x 10“^® m 
tho range ‘pH 6 2-7 ’ and 2 96 x lO-^® m the range 
‘pH 1-6’ at concentrations of 1 g /lOO ml and less 
Ho does not give the exact compositions of his 
buffers, butm descnbmg diffusion measurements, ho 
quotes 6 0 as the pH of a buffer contammg 0 2m- 
sodium chloride, 0 038m sodium acetate and 0 012m- 
acetic acid On this scale, our ‘pH 6 14’ buffer 
would have a pH of 4 9 Tlus difference stresses the 
mconvenience of quotmg pH values without givmg 
the exact compositions of the solutions used (see 
Ogston, 1947) However, smee we have found a fall 
of sedimentation constant on lowenng the pH and 
no mcrease on raismg it, it appears that our pH 
6 14’ falls witlim the range of conditions ‘pH 6 2-7 ’ 
of Pedersen, and that our value of the sedimentation 
constant is, therefore, to be compared with his value 
of 3 12 X 10-13 

The very large difference between these results — 
nearly 10% — requires explanation It might 
possibly arise from differences m the samples of 
lactoglobulm used by us and by Pedersen Thus 
Bull (1946o) has found erroneous values for the 
surface pressure of lactoglobulm which was re- 
crystaUized after dissolvmg the oiystals m dilute 

8 
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Run 

684 

685 
583 

* 

692 

691 

690 

686 
694 
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Tablo 1 Variation of S^o with protein concentration and pH 


Gone of 
laotoglobulin 
(g /100 ml) 

0 28 
0 28 

0 63 

1 0 
1 62 
2 11 
2 05 

c 11 
1 0 


pH 

Cell 
(mm ) 

.S^ 2 o (corr ) x 10“ 

Standard 
deviation of 
iSit, (corr ) X 10*’ 

6 14 

12 

2 836 

0 009 

6 14 

12 

2 821 

0 009 

6 14 

12 

2 823 

0 006 

6 14 

12 

2 809 

0 014 

6 14 

3 

2 762 

0 014 

6 14 

3 

2 769 

0 013 

6 14 

3 

2 700 

0 004 

6 74 

12 

2 776 

0 011 

444 

12 

2 723 

0 009 


* From Cecil L Ogston (1948) 
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sodium hydroxide, the liistory, in this rospoct, of 
Pedersen’s sample is not quoted , our samples were 
never exposed to a pH higher than that of native 
fresh milk 



Fig 1 Fully corrected values of (corr ) agamst protom 
concentration FiUed circles data of Johnston L Ogston 
(1946), corrected for effects of hydrogen pressure and 
thermocouple error Open circles data at pH 6 14, 
barred circle value at pH 6 74, half-filled cirole value at 
pH 4 44 The radu of these circles are the estimated 
standard deviations 

On the other hand, the difference might arise from 
errors of one or both measurements This explanation 
IS supported by the result of a measurement kmdly 


made for us on one of our solutions (1 g /lOO ml m 
the pH 6 14 buffer) by jMr C J Bradish, usmg the 
Svodberg ultracentrifuge at the Lister Institute, 
from which ho obtamed a value of 3 06 ± (s n ) 
0 04 X 10“^® for iSjjo (corr ), m agreement with 
Pedersen’s values The discrepancy between this 
value and ours obtamed on the same solution cannot 
bo accounted for by errors m the measurement of 
speed It therefore seems hkely that the thermo- 
couple readmgs m the Lister Institute ultracentri- 
fuge are 2 5° lower than ours and, m our view, 3 5° 
below the actual cell temperature, and that a similar 
error has affected the Uppsala measurements We 
have given reasons for behevmg (Cecil & Ogston, 
1948) that we know the error of our rotor thermo 
couple (—10°) to withm 0 1° and that no other 
systematic error affects our results 

T/ie diffusion constant The values which we have 
obtamed (Table 2) are not qmte as consistent as 
might be desired, although some of the variation is 
due to variation of the degree of homogeneity m 
different samples, for which correction has been 
made, this correction m no case amounts to more 
than 2 % and is behoved to bo a rehable one The 
mean value of Djo (corr ) at 1 g /lOO ml is 7 70 x 10~’ 
and at infini te dilution 7 82 x 10~’ These values 
differ considerably from those of Poison (1939) who 
obtamed values of (corr ) between 7 10 and 
7 27 X 10“’ at a concentration of 1 g /lOO ml Our 
method (Coulson et al 1948) has given values m good 


Table 2 Vanation of vnth concentration of lactoglobulin 


Preparation 

Cone of 
laotoglobuhn 
(g /100 ml) 

Apparent 

X 10’ 

Corrected 
Ao X 10’ 

Ao (corr ) X 10’ 

1 

0 96 

716 

7 22 

7 67 

2 

1 16 

7 29 

7 10 

7 46 

2 

1 01 

742 

7 36 

7 71 

2 

0 60 

740 

7 32 

7 68 

2 

0 26 

7 65 

7 47 

7 84 

2 

0 18 

748 

7 41 

7 77 

3 

1 0 

7 67 

7 41 

7 77 

3 

1 0 

7 46 

7 38 

7 74 


Mean value at 1 g /lOO ml 

Value extrapolated to zero concentration 

7 70±0 09 
7 82 
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agreement Tvitli those obtamod bj' the method of 
T. flmm (used by Poison), not onl 3 ’- for glj'cme but for 
matenal of much lower diffusion constont It sooms 
likely, therefore, that the differonco inaj’- depend on 
the sample of lactoglobulm and on the method of ite 
preparation 

The molecular wctght Estimates of the molecular 
weight of lactoglobulm by various methods range 
from 33,000, by X-raj'^ diffraction on wot crj^stals 
of the orthorhombic form (jMcJIeokm & Warner, 
1942), to about 42,000, bj' sodunentation velocitj’^ 
and diffusion (Pedersen, 1936) The more reliable 
determmations by X-raj’^ diffraction on dry crj'stals 
gave values about 36,000 (JIclMoolcin & Warner, 
1942) Pedersen’s (1936) measurements on sedi- 
mentation eqmhbnum gave a moan value about 
39,000, the variation of the value obtamed with the 
method of computation suggests that the material 
used by liim (and by Poison, 1939) was not homo- 
geneous Measurements of osmotic pressure have 
given values of 37,800 (Gutfraund, 1946), 37,300 ± 

(s D ) 300 (Johnston & Ogston, 1946) and 36,020 ± 
(SD ) 140 (Bull, 1946a) Bull (19466) obtamed a 
value of 2x 17,100 from measurements of surface 
pressure 

The present values of the sedimentation and 
diffusion constants, usmg Pedersen’s (1936) value 
of 0 761 for the partial specific volume, give values 
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of 36,600 at 1 g /lOO ml and 35,400 at infinite 
dilution 

This vide variation of values is imsatisfactory 
Errors may m some cases (os that of the sedimen- 
tation constant) have arisen from technical factors 
m the measurements , m others, variation may have 
boon duo to the treatment of the material during 
preparation, os is suggested by the data of Pedersen 
(1936) and the findings of Bull (1946a) It is difficult 
to decide which is the true value for the molecular 
weight, the most reliable determmations by X-ray 
diffraction favour a value near to 36,000, and our 
measurements on material which was very nearlj’- 
homogeneous support this The possibility exists, 
however, that lactoglobulm is not a matenal whose 
phj'Sical constants have unique values 

SUMIMARY 

1 Measurements of the sedimentation and 
diffusion constants of lactoglobulm are described 
The values, extrapolated to mfimte dilution, are 
(Sjo (corr ) = 2 83 X 10“^® and D„o (corr ) = 7 82 x 10-'^ , 
these differ considerably from other data but combme 
to give a molecular weight of 36,400 Other rehable 
values of the molecular weight agree with this 

2 The causes of differences between measured 
values of the constants of lactoglobuhn are discussed 
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The Estimation of Peroxidase Activity 

By J ETTORI, MoUeno Institute, University of Cambridge 
{Received 8 June 1948) 


The standard method for the estimation of the 
catel 5 dic activity of peroxidase is that imtiaUy pub- 
lished by WiUstatter & StoU (1918) They aUowed a 
measured quantity of the en 2 yme preparation dis- 
so ved m 2 1 distilled water to react with fixed 
mnovmts of hydrogen peroxide and pyrogallol for 
^ ^ mm The reaction was then stopped by 
n ition of sulphuric acid and the yellow purpuro- 
8® m transferred to ether m a separating funnel 
e concentration of the ethereal solution was esti- 


mated by comparison with standard purpurogalhn 
solutions The activity of the enzyme, Purpuro- 
galhn number {P N ) or PurpurogaUinzahl {P Z ) of 
Wdlst&tter, was defined as the weight of purpuro- 
gaUm m mg formed by 1 mg of the enzyme 
preparation WiUstatter & Weber (1926) showed 
that the P Z values obtamed varied over a wide 
range with changes m the quantities of the ingre- 
dients and m the volume of solution used for the 
test A similar method for estunation of P N was 


3-2 
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used by Elliott & Keilm ( 1 934), Koilm & Mann (1937) 
and by Tbeorell (1942) 

Recently, Sumner <L Gjessing (1943), havingmon- 
tioned that the work on peroxidase in their labora- 
tory was ‘someuhat hampered by lack of a satis- 
factory means of determining its activity’, have 
described a neu method in ■winch the reaction is 
carried out in 20 ml phosphate bufTor They state 
that the resulting values for nctn ity w ore somewhat 
higher than those obtained by Willstutter’s method 
In the present work the effect of dilution and of 
buffer concentrations on the nctmty of different 
enzyme preparations has been investigated, and the 



Reaction mixture (vol ) 


Fig 1 Effect of varying the volume of the reaction mixture 
on the actmty of two hjghly punSed peroxidase pre- 
parations, A and B, m tvater and m 0 07 M-phoaphate 
buffer pH 6 9 Reaction earned out in presence of 
12 6 mg HjO, and 1 26 g pyrogallol at 20° 

method de'vised by Willstatter and his co -workers 
compared -with that of Sumner & Gjessmg The 
colonmetno methods have also been compared -with 
a new manometric method based upon the formation 
of carbon dioxide dunng the catalyzed oxidation of 
pyrogallol 

EXPERIMENTAL 

Methods 

Enzyme preparations of -mdely differing pnnty were ex- 
amined mcluding the omde press jmee of horse radish root, 
several highly punfied preparations isolated by the methods 


of Elliott L Kcihn (1934) and Keilm A Jlann (1937), and a 

n^hcroffractions of intermediate activity obtaincdduimg 

tho fractionation of tho crude juice by the same and by 
other methods Tho reagents used were of AR standard, 
tho p\TOgnllol being resublimed, tho use of glass distilled 
water was found to be essential All experiments were 
earned out at room tomperaturo (c 20°) The Kmg photo- 
clcctnc colonmetcr irns enhbrated for purpnrogallm by 
means of standard solutions of tho twice recrvstalhzed 
pigment in peroxide free ether usmg an Ilford bine filter 
no 302 

Willstatter b P Z estimation was modified shghtly, bemg 
earned out in 500 ml water in presence of 12 5 mg H,0. 
and 1 25 g p^wogallol (Kcilm A Mann, 1937) The amount of 
cnz3’me, added at zero time, was adjusted m order that not 
more than 10 mg purpnrogallm were formed m 5 mm The 
yellow ethereal extract was dned with NajS 04 before bemg 
examined m tho colonmetcr 



Cone of phosphate pH 5 9 (m) 


Fig 2 Effect of different concentrations of phosphate 
buffer on the activity of two highly pnnfied peroxidase 
preparations, A and B Eeaotiona earned out m a volume 
of 100 ml m presence of 12 6 mg H,0, and 1 26 g pym 
gaUol at 20° and pH 6 9 

Influence of volume of reaction miocture and of phos- 
phate buffer on the results obtained by WiUstditer s 
method 

Willstatter earned oat bis parparogcdlm test at high dJu 
tions m order to prevent destruction of enzyme by HjOj, 
but, as Sumner & Gjessmg (1943) have shown, high enzyme 
activity can be obtamed m more concentrated solutioM 
Fig 1 shows the fluctuation in the PA values of two higWy 

punfied enzyme preparations observed when the tom 
volume of the reaction mixture was varied between 25 and 
600 ml The conditions of the test were otherwise as de 
senbed above A maximum value for enzyme activity was 
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obtained m 100 ml vmtcr When gunficd peroxidase pre 
parations are used the eonecntmtion of protein in the test 
reaction is very loiv, and under these eonditions denalurn- 
tion may occur (Cohn &/ Edsall, 1943) In the presence of 
salts, wkch will mercaso the st-abihty of the highly diluted 
protem and at the same time eontrol the pH of the solution 
on which the reaction ^ clocit}' is \ crj dependent, higher 
and more reproducible values for P N might bo expected 
Addition of phosphate buffer pH 5 9 to gi\ c a final concen- 
tration of 0 07 m in the expenments 311st desenbed jneldcd 
considerably higher figures for cnzj’mc actiMty and the 
optimum volume was about 50 ml (Fig 1) The olTcct of 
changing the concentration of phosphate, u hilo maintain- 
ing the pH at 6 9 and the volume at 100 ml , is bIiomti in 
Fig 2 where the P N is seen to increase mth concentration 
of buffer Thus, whde Willstfittcr’s conditions are far re- 
moved from the optimum, those of Sumner L Gjcssmg are 
very close The nsk of destruction of enz^ me b^ high con- 
centration of H.Oj has, therefore, been exaggerated by 
Willstatter it IS not until the ^ olumc of the reaction mixture 
fells below 100 ml that the destruction becomes consider- 
able while, m presence of phosphate buffer, the harmful 
effect of HjOj is greatlj’ reduced 


A comparison of P N dcicrminattons by the methods 
of Wxllatdtter and of Sumner <L Ojessing 

The data on peroxidase activity in the hteraturo are 
almost exclusively expressed m terms of Willstfitter’s P Z 
It 18, therefore, important that the quantitative relation- 
ships between this and any new method should bo dctcr- 
mmed m order that the values obtamed by the now method 
may be translated to WiUstfittcr’s scale With this object m 
new the comparative measurements summarized m Table 1 


Table 1 4 comparison of the methods of WxUstdtter 
and of Sumner di Ojessmg for the determination of 
^yme activity of different peroxidase preparations 


Sample 
No 1 (purified) 
No 2 (purified) 



Sumner & 


Willstfitter 

Gjessmg 

PN 

PN 

PN 

ratio 

735 

1080 

0 08 

608 

1460 

0 36 


Horse radish 
Horseradish 

filtered 


press jmee 
press juice. 


fractions isolated - 
press juice 


Purpurogalhn formed, mg /ml 
jieroxidase preparation 

68 100 0 68 

107 203 0 63 

280 810 0 36 

83 228 0 36 


2 iri Sumner & Gjessing’s method is as foUc 

I"; ml I’y^S^Uol, 2 ml 0 6m phosphate buffer pH 

^ water and 1 ml 1% HjO, are mixed in a 126 

18 addpa^^"^ diluted peroxidase (1 

tion ® the reaction is stopped by a 

ether and The purpurogalhn is extracted 1 

tions in T ^ ^ colorimeter AU the determ 

■'nthm p ^ ^ 'ffete made m duphoate, when agreen 

two error was obtamed. The reourrenc 

“ieipbcabL°m*^° "^^i. column) is stnkmg 

the pftcPD ratio (0 68, 0 36) was observet 

wses of both pure and crude preparations 


Manomctric methods for estimation of 
peroxidase aelivUy 

The course of the oxidation of pjwogallol to purpuro- 
galhn was studied by Willstfitter A Hciss (1023) Accordmg 
to them the overall reaction is 

fiCeHgOj + 3HjO. = C,iHjOs + fiHjO -f COj , 

hence tiio formation of 1 mg purpurogalhn should give nee 
to 102 pi COj Expenments were earned out at 20° in 
Barcroft differential manometers inth flasks which wore 
fitted with Bide bulbs for the delivery of acid The concen- 
trations of the ingredients m the nght hand flasks of the 
manometers were similar to those used m the method of 
Sumner L Gjessing for P N detcrmmation, but the volume 
w as reduced from 20 ml to 2 3 ml Thus the nght-hand 
flasks received 0 2 ml 6% pjwogallol, 0 6 mL 0 26M-pho8 
phate buffer pH 5 9 and 1 6 ml water In a dangling tube, 
suspended from the central tube of the flask, was placed 
0 1 ml peroxidase preparation while the side bulb received 
0 5 ml 20 % H.SO4 The left-hand flasks received all the 
reagents except peroxidase 

In order to rule out the possibihty of Oj uptakes by crude 
enz^ono preparations the flasks were evacuated and ^ re 
filled with N, contaimng 6 % COj With purified prepara- 
tions the same results were obtamed in this gas mixture ns 
m air The flasks were cqmlibrated m the manometer bath 
for 10 mm and after closmg the taps the peroxidase was 


Table 2 Comparison of manometnc and colorimeinc 
methods for estimation of peroxidase 


(Preparation no 1 (0 0016 mg ) and press jmee (1 88 mg 
dry wt ) were used m these estimations ) 


Enzyme 


Preparation no 1 
Filtered press jmee of 
horse radish root 


Preparation no 1 
Filtered press jmee of 
horse-radish root 


A Estimations of purpurogalhn 
formed from pyrogallol by 
peroxidase 


Manometnoally 
by CO, 

production ColonmetnoaUy 
(mg ) (mg ) 

1 97 2 09 

2 15 2 26 

B Estimations of peroxidase 
activity by two methods 


Manometnoally 
by CO, 

production Colonmetncally 

(PN) (PN) 

1260 1370 

1 34 1 28 


added At 6 mm t)ie CO, output was recorded and the acid 
immediately added from the side bulbs The purpurogalhn 
formation was calculated from the CO, evolved, and was 
checked by colonmetno exammation of the ethereal ex 
tracts of the solutions m the flasks As is seen m Table 2 A 
there is good agreement between the results In further 
expenments the P N of a preparation was estimated m two 
samples by the manometnc method and also by the method 
of Sumner & Gjessmg Both crude and pure peroxidase 
fractions yielded results m good agreement (Table 2B 
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Further expenments on CO. production dunng the form- 
ation of pyrognllol ero earned out in a Bnnkman apparatus 
as used by Meldrum <5t Roughton (1934) for the estimation 
of carbonic anliydmse In tins method the reaction mixture 
18 shaken very rapidly in order to mnintam equihbnum 
betv een the gas phase and the dissolved gases dunng rapid 
reactions A modified apparatus uas used for this Mork m 
•nhich the manometer nas replaced by a manometrio 
capsule mcorporatmg a very' thin diaphragm Movements 
of the latter were recorded by means of an optical lover and 
mirror With tlus arrangement there is virtually no time lag 
between the formation of a gas and its recording by the 
optical lever Reaction mixtures of the t 3 'po used m the 
Barcroft manometers vcrc tested m this apparatus, and, 
with rapid shaking, a close proportionality between quantity 
of enzyme taken and rate of CO, evolution was observed 
over a penod of 40 sec After this time dcnaturation of the 
enzyme is likely to occur 

The experiments just described slioiv that mnno- 
metne determmations of peroxidase activity are 
possible * The close agreement between this method 
and the colorimetric method as modified by^ Sumner 
& Gjessmg enables peroxidase activity to be ex- 
pressed m terms of and hence allows P N values 

to be con\ erted to the commonly used Q notation 
ThusPJN^ = 1 corresponds to <3cos= 102 x 12= 1224 

Observations ontJiestabihiy of pcroxtdasepreparaltons 

Experience gamed dunng the present mvestiga- 
tion confirms tlie observations of WiUsthtter and of 
other workers on the large and imaccountable varia- 
tions of about 30 % which are obtamed when the 
of a peroxidase preparation is tested periodic- 
ally' A possible explanation of these vonations was 
the lack of buffering capacity m the WiUsthtter 

* The manometric method dosenbed above is funda- 
mentally different frCm that devised by Altschul &, Karon 
(1947) which consists of the estimation of unused HjO, m 
terms of 0. hberated by catalase 
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method, but an investigation, m which the P J/ of a 
very active peroxidase was tested at mtervals during 
7 weeks m presence of phosphate by the method of 
Sumner & Gjessmg, did not co nfir m this view In 
spite of the control of pH the P N varied hap- 
liazordly between 1160 and 1780 although dupheate 
simultaneous determmations were m good agree- 
ment These experiments confirm the view that such 
variations are due not to any changes m the peroxi- 
dase preparation, which would give rise to a pro- 
gressive change mP N , but rather to mmute traces 
of impurities, possibly heavy metals, m the re- 
agents 

SUIMMARY 

1 TJie methods for the determmation of peroxi- 
dase actmty based upon the catalyzed oxidation of 
pyrognllol to purpurogalhn by hydrogen peroxide 
Iiave been re-exammed 

2 The effects of varymg concentrations of re 
actants and of phosphate buffer have been mvesti- 
gated with a view to the development of a method 
givmg more reproducible results 

3 A mnnometne method, based upon the evolu 
tion of carbon dioxide durmg the oxidation, has 
been devised winch gives results m good agreement 
with more recent methods mvolvmg colomnetrio 
determmations of purpurogaUm It thus becomes 
possible to express the activity of peroxidase pre- 
parations m terms of Qcoj 

4 Tlie periodic fluctuations m appeirent peroxi- 
dase activity of enzyme preparations, the origm of 
winch still remains obscure, have been confirmed 

I am greatly indebted to Prof D Keihn, F R S , for his 
help and for facihties to cany out my work at the Molteno 
Institute I should hke also to acknowledge the help which 
I received firom the Conseil National de la Recherche 
Scientifique 
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The Fate of Certain Organic Acids and Amides in the Rabbit 

6 NITROBENZOIC ACIDS AND AMIDES 

By H G bray, W V THORPE and P B WOOD 
Department of Physiology, Medical School, University of Birmingham 

{Received 4 June 1948) 


Studies in vitro (Bray, James, Rjmian & Thorpe, 
1948 a) ha\e shown that rabbit-hver o'^tracts are 
able to hydrolyze all three mtrobeuzamidos Tho 
para isomer is most readily attacked, the average 
hydrolysis bemg 82%, under tho same conditions 
the meta and ortho isomers are hydrolj’zod to tho 
extent of 31 and 23 %. respectivolj’' It vas, thero- 
fore, of mterest to study tho metabolism of those 
compounds in vivo, comparmg them with tho corro- 
spondmg mtrobenzoic acids The literature contains 
httle information concemmg tho metabolism of these 
acids m the rabbit, though there are some acc oimts of 
mvestigations upon other ammals As early os 1861 
Bertagnmi found that m-mtrobenzoic acid was ex- 
creted as the correspondmg hippuric acid by the dog 
Quick (1932) mcluded the tlireo mtrobenzoic acids 
in an extensive study of the glycmo and glucuromc 
acid conjugation of nuclear substituted benzoic acids 
in the dog and found that the meta and para isomers, 
hut not the ortho, were conjugated with glycmo to 
a considerable extent and that aU three were ex- 
creted to some extent as ester glucuromdes 
Nitrobenzaldehydes and mtrotoluenes ore oxi- 
dized to the correspondmg mtrobenzoic acids in 
VIVO 0 Nitrobenzaldehyde is excreted as o-mtro- 
benzoic acid m man (Sherwm & Hynes, 1921), rabbit 
(Cohn, 1893) and dog (Sieber & Smimow, 1887) 
in andp-Nitrobenzaldehydes give rise to the corre- 
spondmg mtrobenzoic and hippuric acids m man 
(Sherwm & Hynes, 1921) and dog (Sieber & Smimow, 
1887) Cohn (1893) also found that m-rntrobenzalde - 
yde was converted to some extent to w-mtro- 
ppunc acid m tho rabbit, though conjugation with 
g yeme did not appear to take place with the para 
isomer m this ammal Jaffe (1878—9) found that 
0 mtrotoluene was converted m the dog to the 
correspondmg benzyl alcohol and benzoic acid, the 
/T excreted unconjugated, p-mtrotoluene 

h oxidized to p -mtrobenzoic acid 

^ excreted as its glycme conjugate 

further change which aromatic mtro acids may 
^ reduction of the mtro group Cohn 
, 1894) was the first to observe this, isolatmg 

^ metabohte of m- 
rahh t m-mtrobenzoic acid m the 

in f u’ 1 ^^ isolated p acetamidobenzoic acid as a 
0 a 0 ite of p-mtrobenzaldehyde The extent of 


reduction was greater with the meta aldehyde than 
with tho corresponding acid Sherwm & Hynes 
(1921) did not observe any reduction of mtrobonzal- 
dohydos in man hlore recently some results of a 
study of tho reduction of mtrobenzoic acids m the 
rat, and in vitro by rat and mouse hver and kidney 
have been reported (Kold & Flyim, 1941) These wiU 
be referred to later 

In tho present study we have mvestigated the 
excretion of ether -soluble acid and diazotizable 
material by rabbits, after th^ administration of the 
mtrobenzoic acids and amides, and have also identi- 
fied their prmcipal metabohtes 

jMETHODS 

Did and dosing The rabbits used were does of approx. 
3 kg ivt Tho diet of rabbit pellets has already been de- 
scribed (Bray, Ryman L Thorpe, 1947) The compounds 
were admmistcred by stomach tube, the acids as solutions 
m NaHCOj and the amides, which were prepared by the 
action of NH 3 on the corresponding acid chlorides, as bus 
pensions m water AU the acids and amides could’be safely 
administered at a dose level of 01 g /kg , and m most cases 
doses of 0 2 g /kg caused no dl effects Repeated admm- 
istration of any of the compounds, however, resulted m 
death 0 Nitrobenzamide was the most toxic compound of 
the senes and m some cases the adnumstration of a single 
dose, even at the lower level, was fatal Consequently, the 
number of experiments we were able to make with this 
compound was limited 

EsUmalwn of dker soluble acid The method was that used 
previously (Bray d al 1947) The ether soluble matenal was 
titrated direotly agamst 0 05 n NaOH with thymol blue as 
mdicator 

Estimation of diazotizable material The method used was 
that of Bratton & MarahaU (1939) The standard used for 
comparison was a solution of the correspondmg ammo- 
benzoic acid The estimation was performed on the urme 
(o) as coUected, ( 6 ) after acetylation, (c) after hydrolyaiB 
and (d) after reduction Acetylation was effected by 
shakmg together urme (10 ml ) and acetic anhydnde (1 ml ) 
for 1 mm , and aUowing the mixture to stand for 30 ttuti 
before estimatmg m the usual way Control experiments 
showed that solutions of ammobenzoio acids of eqmvalent 
concentration were completely acetylated by this treat- 
ment, and it was therefore assumed that any colour pro- 
duced by the diazotization and couplmg of acetylated urme 
was due to hydroxylamme derivatives (cf Rosenthal & 
Bauer, 1939) Hydrolysis was earned out as m the Bratton ' 
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& Marshall procedure Since the amounts of liydro vj’lammo 
derivatives detected Mere very small (see p 41), any 
changes they undergo on liydrolysis may bo neglected, and 
the result obtamed by estimation of lij^droliTicd unno taken 
as mdicatmg the total extent of reduction in vivo and, in 
conjunction with the result obtamed from Iijdrol 3 T!cd unne, 
of the degree of acotjdation Reduction i\ns eircctcd bj' 
treating the unno (10 ml ) intb HCl (4 ml , 2^) and granu- 
lated Zn (200 mg ) in a boiling water bath for 1 hr Estima 
tion on tins solution ga\ e the total excretion of nitro com 
pound, r\hcther reduced, acctylatcd or unchanged Re- 
duction by TiClj (Eckert, 1943) uas found to gi\ e less satis- 
factory results Control expenments show cd that p nitro 
benzoic acid and amide vere both reduced to the extent of 
92 % (a^ crage of 5 estimations, range 89-93 %) Tins \ aluo 
could not bo increased bj', o g reerj stallization of acid, in- 
creased reduction time or use of more Zn, and so the 
necessary correction factor was applied to the calculation of 
results The meta isomers 1101 x 2 both quantitatii cl}' reduced 
o Nitrobenzoic acid was also quantitatii ely reduced, but it 
was found that o mtrobenzamido unnes on diazotization 
and coupling gave a bluish red colour vbicb could not bo 
matched against anj standard used, so that no quantitative 
diazo estimations v ere carried out 
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Eshmalion of reducing material This was earned out with 
unbj drolyzed unno by the method already desenbed (Bray, 
Neale L Thorpe, 1940) 

Estimation of ethereal sulphate The method of Fobn 
(1905-0) lias agam used ^ 

RESULTS 
Quantitative studies 

Excretion of ether soluble acid The average normal values 
for individual rabbits lay between 092 and 807 mg /day 
(calculated ns bippuno acid) The day to day vanation m 
output for each rabbit was usually witbm ±7% of the 
mean Table 1 shows the percentages of doses excreted as 
ether soluble acid, calculated in all cases as mtrobenzoic 
acid A possible source of error is the fact that the ‘extra’ 
other soluble acid docs not consist solely of mtrobenzoio 
acid, though this undoubtedly constitutes the major part of 
it It can bo seen from Table 2 that a portion of the dose of 
all SIX compounds studied is excreted as the corresponding 
aminobcnzoic acid, partly free and partly acetylated. 
Acetamidobcnzoic acids are extracted quantitatively under 
the conditions used here (cf Bray L Thorpe, 1948) The 


Table 1 Excretion of ether -soluble acid (calculated as mtrobenzoic acid) by rabbits 
after the administration of 'mtrobenzoic acids and amides 



0 Compound 

K - 

f 

Rabbit 

Dose 

Dose 

excreted as 
other soluble 
acid 

no 

(g /kg) 

(%) 

( 0 ) Acid% 

120 

0 1 

83 

131 

0 1 

103 


Averages 


93 

126 

02 

86 


02 

90 

131 

02 

83 

Averages 


88 

(b) Amides 



126 

01 

29 

131 

0 1 

23 


Averages 


26 

126 

02 

19 

131 

02 

10 

Averages 


15 


m Compound 




Dose 



excreted ns 



ether soluble 

Rabbit 

Dose 

acid 

no 

(g/kg) 

(%) 

84 

01 

128 


01 

99 

109 

01 

109 


01 

87 

120 

01 

110 



106 

84 

02 

104 

109 

02 

79 

120 

02 

109 


02 

97 

131 

02 

110 



100 


84 

01 

48 

01 

60 

109 

01 

76 


01 

73* 

131 

01 

66 



62 

101 

02 

65 

109 

02 

43 


02 

62 

126 

02 

71 

131 

02 

48 



64 


p Compound 


/ 


Dose 



excreted as 
ether soluble 

Rabbit 

Dose 

aoid 

no 

(g/kg) 

(%) 

84 

01 

97 


01 

96 

109 

01 

126 


01 

99 



104 

84 

02 

99 

02 

107 


02 

108 

109 

02 

109 

02 

88 



102 


84 

01 

120 

01 

89 

109 

01 

132 

01 

90 



108 

84 

02 

96 

02 

104 


02 

96 

109 

02 

91 

02 

84 


02 

85 
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Table 2 DiazoUzable nratenal rabbit nrinc after administration of nitrobenzoic acids and amides 

Doso o^crotod as diazotizablo mntcnal in imno (%) 


Eabbit 

Doso 

As 

After 

After 

After 

no 

(g Ag) 

collected 

acetylation 

hydrolysis 

reduction 

(a) Acid 

109 

0 1 

21 

o'Compound 

1 2 20 

76 

126 

0 1 

18 

2 6 

17 

74 

131 

0 1 

27 

1 0 

24 

73 

Averages 


22 

1 9 

20 

74 

126 

02 

26 

37 

26 

81 


02 

19 

43 

16 

79 

131 

02 

24 

1 6 

23 

76 

A\ erages 


23 

32 

22 

79 

(a) Acid 

84 

0 1 

85 

in Compound 

19 14 

85 


0 1 

4 7 

1 6 

9 

86 

109 

0 1 

6 1 

07 

13 

78 


0 1 

4 1 

04 

11 

81 

126 

0 1 

4 7 

1 1 

9 

90 

Averages 


66 

1 1 

11 

84 

84 

02 

39 

09 

8 

74 

109 

02 

5 1 

06 

11 

78 

131 

02 

39 

06 

12 

90 

Averages 


43 

07 

10 

81 

(6) Amide 

84 

0 1 

34 

1 7 

26 

73 


01 

2 6 

1 7 

26 

77 

109 

0 1 

25 

09 

27 

72 


0 1 

22 

1 1 

29 

81 

131 

01 

1 8 

1 6 

24 

73 

Averages 


26 

1 4 

26 

76 

101 

02 

24 

07 

27 

76 

109 

02 

24 

06 

24 

80 


02 

1 9 

06 

21 

79 

Averages 


22 

06 

24 

78 

(a) Aoid 

84 . 

01 

22 

p Compound 

11 16 

90 


0 1 

1 6 

09 

13 

96 

109 

0 1 

1 6 

09 

9 

86 


0 1 

1 1 

07 

9 

86 

Averages 


1 6 

09 

12 

90 

84 

02 

14 

06 

13 

86 


02 

1 0 

05 

11 

100 

109 

02 

09 

04 

9 

86 


02 

1 7 

06 

12 

90 

Averages 


1 2 

06 

11 

91 

(6) Amide 

84 

0 1 

2 6 

1 2 

16 

91 

109 

0 1 

1 4 

08 

16 

97 

0 1 

22 

1 1 

13 

88 


0 1 

29 

1 7 

16 

99 

Averages 


23 

1 2 

16 

94 

84 

02 

1 2 

06 

14 

101 

109 

02 

30 

10 

14 

97 

02 

1 6 

1 1 

16 

102 


02 

1 7 

06 

16 

99 

Averages 


19 

08 

16 

100 
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largest acetyl excretion is from m nitrobenznmide, and c\en 
hero the error duo to calculation of m acetamidobcnzoic 
acid as nitrobenzoio acid n mdd bo loss than 2 % (Ion ) Only 
about 90% of free ammobenzoic acids are extracted under 
the conditions used (pH 15-2 0, pH 4 0 is necessaiy for 
complete extraction (Bray, Lake, Neale, Thorpe Wood, 
19486)) The greatest conversion to free ammobenzoic acid 
occurs m the ortho isomer (22 %) thus the error duo to im- 
cxtractcd ammobenzoic acid would bo about 2 2% (low) 
Calculation of the extracted ammobenzoic acid (10 8%) na 
mtrobenzoio acid w ould give a v aluo 4 3 % high, so that the 
not error duo to ammobenzoic acid would onlj be of the 
order of 2% (high), which is hardlj significant, oven in this 
extreme case There is also the poR«ibilit3 in the meta and 
para isomers of conjugation witli gljcme, but qualitative 
studies, desenbed below, led us to conclude that the 
amounts of mtrohippuric acid excreted arc verj small, if 
indeed such compounds are formed at all It is probable, 
therefore, that the results giv cn m Table 1 giv o a rchablo 
mdi cation ofthcrclatirc amounts of the amides hv drolj'zcd, 
smeo the conditions used were identical for both acid and 
amide urmes This is least certain in the case of o mtro 
benzaraido m view of the more complex nature of its ex- 
cretion products As reported later, however, the only 
matcnal isolated from acidified o mtrobcnzamido urine 
under the conditions used for the estimation of ether- 
soluble acid appeared to consist of small amounts of un 
changed amide and o mtrobcnzoic acid The hj droxjdated 
metobohtes appear to bo largely conjugated with sulphuno 
or glucuronic acids, the rcsultmg conjugates being not 
appreciably soluble m ether 

Excretion of diazolizahU material The results obtamed are 
summanzed m Table 2 As already stated, the standards 
used m the diazo estimations were the corresponding ammo 
benzoic acids The interpretation of the results for the meta 
and para isomers is straightforward smeo there is no 
significant difference between the degrees of reduction of 
the acids and their amides by Zn and HCl or between the 
intensities of the colours developed from them on diazotiza 
tion and couphng (see Bray el al 19486) The results ob 
tamed with o mtrobenzoic acid similarly may bo mter- 
preted directly, but no values can bo given for its amide, 
smee most of the colours given could not be matched with 
either an anthraruho acid or an anude standard This is due 
to the fact that o nitrobenzaniide is hydroxylated to a con- 
siderable extent m the rabbit The only colour which could 
be matched was that given by acetylated unne The results 
corresponded to 1—2 % of the dose 

Our results m general are similar to those obtamed by 
Kohl Flynn (1941) using rats These mvestigators found 
that 21 % of o , 8 % of m- and 2 6-4 0 % of p mtrobenzoio 
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acid was excreted as unconjugated ammo compounds, the 
percentages of the doses of m and p mtrohonzoio acids ex 
creted as acctamido compounds were 22 and 11-20 re 
spectivcly By reduction of the urmes 72, 03 and 89-94% 
of the doses of the 0 , m and p acids were accounted for 
Excretion of ethereal sulphate The only one of the com 
pounds under investigation to cause an mcrease m the ex 
cretion of ethereal sulphate was 0 nitrobenzamide In 
3 experiments at dose levels of 0 1 and 0 2 g /kg 48 , 49 and 
40% of the doses were excreted conjugated with H,S04 
The average normal daily excretion of ethereal sulphate by 
mdivndual rabbits ranged from 24r-52 mg SO3 The day-to 
daj variation m output for each rabbit was usually within 
±7 % (1 c approx 3 rag ) of the mean 
Excretion of rcducingmatcrial The values obtamed cannot 
bo regarded ns rchablo since (a) the actual increases were 
very small compared with the vanations which occur in the 
amounts of reduemg material normally excreted, and 
(6) diazo estimations (Table 2) suggest the presence of small 
amounts of lij droxj’lamino compounds which would be 
reducing Furthermore, there was considerable variation m 
tlio values obtamed for each compound The average values 
for the percentage of the dose excreted as apparent ester 
glucuromdo were ortho acid 10 % (range 6-25), amide 12 % 
(range 11-13), meta acid 8% (range 0-17), amide 4% 
(range 2-5), para acid 3% (range 0-10), amide 8% (range 
0 21) TJie amounts were too small for isolation The 
average normal daily excretion of reduemg matenal ranged 
from 211 to 270 mg (calculated as gluouromc acid) 

Reduction of nitrobenzoic acids and amides by rabbit liver 
extracts in vitro Solutions of the acids and amides (100 mg / 
100 ml ) m phosphate buffer pH 7 4 were meubated at 37° 
vnth extracts of rabbit hver (4 ml extract/20 ml solution) 
prepared as described previously (Bray et al 1948a) After 
24 hr, samples of the digest (2 ml.) were withdrawn, de 
protcmizcd with 10% trichloroacetic acid (8 ml) and di 
nzotizablo matenal estimated m the filtrate by the method 
of Bratton Marshall (1939), usmg ammobenzoic acid 
standards Table 3 shows the percentages of the compounds 
converted mto diazotizable matenal under these conditions 
in 24 hr The results obtained by Kohl iL Flynn (1941) for 
the reduction of the acids by rat hver in vitro are also shown 
The results obtamed vnth u mtrobenzanude caimot be mter- 
preted fully smee it is not known whether the reduction 
product 18 o ammobenzoic acid or its amide, the extracts 
used bemg capable of hydrolyzmg the amide (eg to an 
extent of 26 % in the second experiment see also Bray et al 
1948a) If the ammo amide is formed the results are low, 
smeo that compound on diazotization and couphng gives 
only 68 % of the colour given by a solution of anthramhe 
acid of eqmvalent strength (Bray el al 19486) 


Table 3 Reduction of nurobenzoic acids and amides hy rabbit liver extracts in vitro at pH 7 4 


Compound 
o-Nitrobenzoio acid 
o Nitrobenzamide 
m Nitrobenzoic acid 
m Nitrobenzaimde 
p Nitrobenzoic acid 
p-Nitrobenz amide 


Percentage reduction m 24 hr 

A 


Exp 1 


Unbydrolyzed Hydrolyzed 


2 9 
62 
56 
47 
34 
4 1 


22 

62 

62 

48 

42 

41 


Exp 2 


Unbydrolyzed Hydrolyzed 


28 
47 
5 3 

67 
32 

68 


28 
6 1 
60 
69 
38 
42 


* Kohl & Flynn (1941) 


Eeduotion by 
rat liver 
m 7hr* 

1 43 

30 3 

28 2 
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Hydrolysis of the digests m most cases caused a slight 
increase (up to 0 8 %) in the amount of diazotizablo material 
present We were not able to determine whether this uas 
due to acetylation ns the change is inthm the limits of e\ 
penmental error Klein Hams (1938) found that acetyla 
tion of sulphamlamide occurred onlj with In cr slices and 
not m brei We ourseh cs (unpublished results) ha% e found 
that the hver extracts used brought about the dcacetyla- 
tion of acetanilide, o , m and 2> ncetotoluididcs, in acet- 
amidobenzoic acid and ji hj droxyncctamlide (cf Michel, 
Bemheim L Bemheim, 1937) 


Quahtahtc experiments 


These were earned out in order to determine the nature of 
the mam excretion products of the 0 compounds being 
studied Contmnons ether extraction of the acidified nitro 
benzoic acid nrmes resulted m the isolation in all 3 cases of 
the unchanged acid m considerable amounts They were re 
crystaUized from water and their identity confirmed by 
comparison with authentic specimens Tiie mother liquors 
m every case gave a positn c diozo reaction, but the com- 
pounds responsible were not isolated 
From p mtrobenzamide unnes, p mtrobenzoic acid was 
isolated m yields similar to those obtamed from the acid, 
whichis maccordance with the quantitative finding that the 
carbamyl group in p mtrobenzamide is nrtually com- 
pletely hydrolyzed m the rabbit 


Ether extraction of acidified m mtrobenzamide urine led 
to the isolation and characterization of in mtrobenzoic acid 
Extraction of the urine as collected (pH 8) gave m ncot- 
amidobenzamide, m p 219°, mixed m p with an authentic 
sample (m p 220°), 219° Yield, 100 mg from 2 5 g amide 
®^dministered This provides direct evidence that the car 
hamyl group m m mtrobenzamide is not completely hydro- 
lyzed m the rabbit, and that the reduction product is the 
corresponding ammo compound 

All attempts to isolate glycme conjugates of m- and p- 
nitrobenzoic acids were unsuccessful similar results were 
0 tamed from experiments m which glycme (0 2 g ) was 
adm^tered along with the acids (0 4 g ) It thus appears 
pro able that m- and p mtrohippnnc acids are not formed 
M metabohtes of the mtrobenzoic acids m the rabbit No 
mi ence for the formation of azoxy, azo or hydrazo com- 
pounds was obtamed. 

As already mentioned, ether extraction of o mtrobenz- 
il^K ^ collected gave small amounts of the amide 
) and extraction of acidified urme gave very small 
founts of 0 mtrobenzoic acid The isolation of metabohtes 
acm ® mtrobenzamide urme was difficult on 

^ dose level which had to be used A 

12 “ foUows the 24 hr urme (4 1 ) of 

eac^ ■'zhich had received o mtrobenzamide (0 4 g 
(0 2 v^T boding for 30 min with cone HCl 

ether m ^ contmuonsly extracted with 

fluores ° ^ ether layer showed an mtense blue 
®ther persisted throughout this period The 

contain ° ^ niatenal consisted of a dark brown syrup 
acidifift!^ matter (extract A) The urme was re- 
tracted 1 br and contmuonsly ex- 

®yrap The 48 hr to yield extract B, a brown 

extraction urme was then adjusted to 5 and 

ether lave contmued for a further 96 hr , the 

extrart r> ^ showed a blue fluorescence In this way 
L was obtamed 


Extract A On the addition of a httlo ethanol the syrup 
dissolved and crystalline material (60 mg ) remamed which 
did not melt below 300° and gave no coloration with FeClj 
and a negative diazo reaction Boding with cono HCI did 
not liberate a diazotizablo ammo group, but gave a crystal- 
Imc compound ivhich appeared to bo a hydrochlondo (D) 
A solution of the crystals m water slowly deposited the free 
base ns needles which had no m p but decomposed with 
X olatilization at 300° Analysis of the hydrochloride gave 
C, 40 3, H, 4 9, N, 11 7, Cl, 16 1 % The hydrochlonde did 
not gi\ c a dinzo reaction after reduction with Zn and HCl 
Its properties w ere not compatible with those xvhicli would 
bo expected from an azoxy, azo or hydrazo compound 

Addition of more ethanol to the syrup gave a further 
amount of sohd material (60 mg ) xvhich decomposed at 
220-240° and ga\ o an intense purple brown coloration and 
precipitate with FeClj, a positive diozo reaction (a blue- 
nolet colour dex elopmg slowly), a positive mdophenol re 
action and an intense blue fluorescence m ethereal solution 
On acetylation it gaxe a crystallme compound, mp 236- 
230° By' compansonxvith authentic specimens it was shoxvn 
that the compound isolated xvas 6 hydroxyanthramhe acid 
(cf Bray' cl n? 19486) The syrup which remained after the 
remox al of the sohd matcnal gave a positive diazo reaction 
(reddish purple) and a purple brown coloration xvith FeCl, 
It w os extracted xxuth boilmg water and from the aqueous 
extract needle like crystals, m p 174°, were obtamed 
(100 mg ) These were shoxvn to be o mtrobenzamide, smee 
they did not depress the m p (174°) of an authentic sample 
The colour reactions of the syrup remaining were un- 
changed Unsuccessful attempts were mode to isolate the 
metabolites present (probably, judging from the diazo 
colours, onthramlic and 6 hydroxyanthramhe acids or their 
amides) by treatment xnth water or orgamo solvents and by 
acetylation 

Extract B The only compounds identified m this fraction 
weroo mtrobenzoicacid(160mg )andbenzoioacid(200mg ), 
the latter presumably denved from hippuno acid 

Extract G This contamed some sohd material which 
could be separated from the syrup present by treatment 
xvith ethanol, it was shoxvn to be 6 hydroxyanthramhe acid 
The ethanohe solution gave a broxvmsh colour xvith FeClj 
and a yellow coloration xvith HNOj which might have been 
due to the presence of an o ammophenol derivative such as 
3 hydroxyanthramhe acid (cf Bray et al 19486), but the 
amount was too small to permit of its identification 

In another expenment a further product was obtamed m 
addition to those already described. This was an amor- 
phous powder which did not melt below 300° and gave no 
coloration xvith FeClj and a negative diazo reaction On 
bodmg with cone HCl for 3 hr and evaporation of the 
resultant solution a crystalhne compound was obtamed 
which appeared to be identical with the hydrochlonde D 
from extract A Further evaporation of the mother hquor 
gave prisms giving positive diazo, FeClj and mdophenol re 
actions These were identified as 6 hydroxyanthramhe acid 
hydrochlonde Found N, 7 6 Calc for CjHgNOjCl N, 

7 4% 

DISCUSSION 

Table 4 summarizes the analytical results obtamed 
In viexv of the unrehabihty of the values for ester 
glucuromde (g v ) ether-soluble acid excretion only 
has been given for the degree of hydrolysis of the 
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amides m the rabbit, so that these estimates may be 
Jow< TJie figures m parentheses give the degree 
a^uming all the reduemg value to be due to ^ter 
glucuronide and are almost certamly too high The 
results are of the same order os those obtamed using 
rabbit-hvor extracts (Bray c/ g? 1948a) This agree 
mont has been foimd m all the aromatic amides so 
far studied, as shown in Table 6, if allowance is 

Table 5 Hydrolyaia of nuclear substituted benzamides 
in the rabbit and by extracts of rabbit liver m vitro 

Percentage hydrolysis 


Compound 
Bcnwimido 
p Nitrobenznmide 
tn Nitrobenzanudo 
o Nitrobonzamido 
p Aminobenzamido 
m Aminobenzamido 
o Aminobcnzamide 
p Hydroxybonzamide 
m-Hydroxybonzamido 
o Hydroxybonzamido 

* An average is not 
difforenco m response to 

(1) Bray el al (1940) 

(2) Present paper 

(3) Bray et al (19486) 


In mtaot 

By liver 
extract (6) 
(at 

ammal 

equihbnum) 

100 (1) 

45 

99 (2) 

82 

68 (2) 

31 

21 (2) 

23 

19 (3) 

13 

10(3) 

7 

33-12 (3*) 

9 

4(4) 

6 

11(6) 

1 

0(6) 

0 


given here owing to the wide 
dose level 

(4) Bray ei al (1947) 

(6) Bray et al (1948c) 

(C) Bray el al (1948o) 


made for the essentially dynamic conditions which 
prevail m the livmg cell and which, m general, 
enable reactions to proceed further towards com- 
pletion than under static conditions tn intro This 
agreement has not been observed with the ahphatio 
anudes studied, viz phenylacetaimde, acetamide, 
propionamide, winch are hydrolyzed to a markedly 
greater extent tn tnvo than tn mtro There is, how- 
ever, a considerable tune lag m the excretion of these 
compounds, and it seems possible that their m- 
oroased time m the body may give the enzymes 
responsible a better opportumty to brmg about 
hy^olysis This problem is stdl under mvesfcigation 
The isolation of 5 hydroxyanthramhc acid from 
hydrolyzed o mtrobenzamide urme suggests that 
reduction of the mtro group precedes hydroxylation, 
smee this compound was the prmcipal hydroxyla- 
tion product isol&ted from hydrolyzed o amino- 
benzamido urme (Bray et al 19486) Indirect 
support is provided by our failure to detect a nitro- 
hydroxybenzoic acid and by the colour reactions 
which suggested the presence of 3 hydroxyanthra- 
ruhe acid On purely chemical grounds the com 
poimd to be expected if hydroxylation preceded re 
duction would be 4-hydroxyanthramho acid The 
extent of conjugation with sulphate is, however, 
greater with o mtrobenzamide (48 %) than with o 
ammobenzarmde (about 30 %) It is unfortunate 
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that it was not possible to obtain a reliable estimate 
of the ammo compoimds formed from o-nitro- 
benzamide The attempts at diazo estimations sug- 
gested the presence of liydro-^j Inmino compoimds m 
very small amoimts, altliougli no compoimds ii Inch 
might have been formed through hydrovylammo 
compoimds, e g azoxy, nzo, or h5'dra7o compoimds, 
could be detected The available evidence, therefore, 
suggests that the sequence of reactions is 


SUIVBIARY 

1 A study has been made of the metabolism of 
0 -, m- and p nitrobenzoio acids and amides m the 
rabbit 

2 The acids are excreted mainly unchanged, but 
a proportion (11-21%) is reduced to the corre- 
sponding ammobenzoic acids Acetylation then 
occurs m the m- and p-isomers 



WTiilst the absence of sulphate conjugation 
with 0 mtro- and o-ammo-bonzoic acids suggests 
that reduction and hydroxylation precede hydro- 
lysis of the carbamyl group, there is no clear 
evidence as to whether the reduced compounds 
were excreted in the form of acids or amides 
Very small amounts of o nitrobonzoic acid wore 
isolated from iinhydrolyzod urines, but all tlie 
Ruction products were obtained from hydro- 
lyzed urmes The fact that the extent of sulphate 
conjugation was greater than the estimated per- 
centage hydrolysis of the amide does, however, 
^^est that some hydroxyanthramlamide is not 
hydrolyzed in vuio 

isolation of OT-acetamidobenzamido from ni- 
^ benzamide unne and the absence of sulphate 
conjugation lends support to the view that the 
y oxylated ammobenzoic acids or amides are 
0 uced by hydroxylation of the ammobenzoic 
cia or amide formed by reduction of the hydroxyl- 

rearrangement of 
hydroxylamme to an aminophenol 


3 The amides are hj^drolyzed to the correspond- 
ing acids m the case ofp-mtrobenzamide the hydro- 
lysis 18 virtually complete, 7n-mtrobenzamide is 
hydrolyzed to an extent of at least 58 % and o- 
mtrobonzamide at least 21 % Reduction (15-26 %) 
and acetylation occur ns with the acids 

4 o-Nitrobenzamide is the only compound of the 
six to increase excretion of ethereal sulphate, 48 % 
of the dose being eliminated m this form The prmci- 
pal hydroxylation product is 6 -hydroxy anthranihc 
acid or amide 

6 Glycine conjugation of nitrobenzoic acids 
could not be detected m the rabbit 

6 The reduction of mtrobenzoic acids and amides 
by rabbit-hver extracts has been studied 

AVc have to thank Dr Sybil P James for her co operation 
in the enzyme studies Some prebmmary experiments lor 
this investigation were earned out by Miss I M RafiFan We 
are indebted to the Royal Society for a Government Grant 
which defrayed part of the cost of this work The micro- 
analyses wore earned out by Drs Weder and Strauss, 
Oxford 
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determination of phenol in 
A ATTH 2 6-DICHLOROQUINONECHLOROIMIDE (b) THE EXCRETION OF PFFNOT 
GLDCDEONIO ACID AND ETHEREAL SULPHATE BY BAOTTS SeDTOG sSm 
AND PHENOL ^ (c) OBSERVATIONS ON THE DETERIMINATION OF CATECHOL, QUINOL 

AND ]\IUC0NIC ACID IN URINE 


By J W PORTEOUS and R T VTLLIAMS 
The Deparlmcni oj Bioclicnustry, University of Liverpool 

{Received 5 May 1948) 


The fate of benzene in the body lias boon the subject 
of numerous investigations smeo 1807 when 
Schultzen & Naunjui (1807) discovered that benzene 
Tvas converted to plienol m the animal body Plienol, 
catechol, qmnol and their conjugates (Munk, 1870, 
Sclimiodeberg, 1881, Nencki A Gincosa, 1880, 
Baemstem, 1946), muconic acid (Jaffo, 1909, 
TJuerfelder «fe Klenk, 1924, Drummond & Finar, 
1938, Bemliard &. Gressley, 1941) and L-plienyl- 
mercapturic acid (Zbarsky & Young, 1943) have 
been detected m ‘benzene urine’ from various 
animals Of these metabolites, phenol, catechol, 
mucomc acid and phenylmercapturic acid liave been 
isolated in a pure crystalline state Quinol and con- 
jugates such os glucuromdes and ethereal sulphates 
have not been isolated Ddiydroxydihjidrobenzene 
(diliydroxycycZohexadiene) is also a possible meta- 
bolite, for analogous compounds have been isolated 
as metabolites of naphthalene (Yoimg, 1947, Booth 
& Boyland, 1947), antliracene (Boyland & Levi, 
1936, 1936), and phenanthrene (Boyland & Wolf, 
1948) It IS, therefore, clear that the metabolism of 
benzene is a complex problem, and hence no balance 
sheet for the fate of benzene m the body has yet been 
drawn up Furthermore, no mechanism has been 
put forward to account for the formation of the 
divers oxidation products 

Of the benzene administered to an animal a large 
proportion may be ehmmated unchanged via the 
limgs, and at least a third to a half may leave the 
body m this way (Nencki & Sieber, 1883, Lehmann, 
Gimdermann & Edemer, 1910) 

The object of the present mvestigation was to 
determme the amount of phenol and other meta- 
bohtes excreted by rabbits receivmg benzene orally 
A new method for the detemnnation of phenol m 
urme m the presence of catechol and qmnol was 
developed This method depended on the steam 
distillation of phenol from urme at pH 6, and the 
detemnnation of phenol m the distillate by means of 
the blue colour formed with 2 6 diehloroqumone- 
chloroimide at pH 10 This reagent has been studied 


qualitatively by Gibbs (1927), Bayhs (1928) and 
Foaron (1944) >Sciidi (1941) has used it for the 
detemnnation of pyridoMne 

2 0-DichloroqumonechIoroinnde gives a pure blue 
colour with phenol but it also reacts with phenols 
winch are not substituted m the para position The 
reagent is unaffected bj’’ qmnol, but with catechol it 
gives a \aolet colour Catechol, however, is not 
volatile in steam, and plienol can be separated from 
it by a steam distillation , 

jMETHODS 

THE DETEEIUNATTON OF PHENOL ZN tmiNE 

Phenol gives a blue colour m aqueous solutions with 2 6 
dichloroquinonechloroimide at pH 8-10 Under ngidly con 
trolled conditions the colour is proportional to the amount 
of phenol present and a few fig of phenol/ml of solution 
can be accurately estimated 

Reagents required 

Standard solutions of phenol (a) A 0 1% stock solution 
was prepared by dissolv mg 1 g pure phenol mil water 
Its exact phenol content was determmed by the bromma 
tion method of Day & Taggard (1928) This solution is 
stable for 2 weeks (6) Phenol solutions (0 01, 0 006 and 
0 001 %) were prepared from the stock solution as re 
qiured 

2 6 Dichloroquinonechloroimide reagent This reagent (sub 
sequently called the phenol reagent) was prepared im 
mediately before use Dry finely powdered 2 6 dichloro 
qumonechloroimide (British Drug Houses Ltd , 0 1 g ) was 
shaken for 10 mm with distilled water (100 mL) The solu 
tion was filtered from undissolved sohd and 10 ml of the 
filtrate used m each determination. If more or less than 
0 1 g of the diohloroqnmoneohloroimide was used m the 
preparation of the phenol reagent, an unsatisfaotoiy reagent 
was obtamed The method of preparation of the phenol 
reagent is simple but critical 

Buffer solutions (a) Phosphate buffers (Sorensen), 

11 9426 g Na,HP 04 l2HsO (A R ) were dissolved m 
600 ml distilled water and 4 639 g KHjPOi m 600 ^ 
distilled water Prom these two solutions were prepared 
the acid buffers, pH 5 2-6 8 (see Clarke, 1928) used 
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■vehea distilling free phenol from unne without hydro- 
lyzmg conjugated phenol (6) Alkaline buffer of Kolthoff <L 
Vlesschouwer (1927), the colour between phenol and the 
phenol reagent was developed at pH 10 16 which was oh- 
tamed by nuxmg 76 4 ml of a solution of NojCOa (2 65 g 
anhydrous (A R ) in 500 ml water) with 24 0 ml of a solu- 
tion of NajB^O, lOHjO (9 66 g in 600 ml of water) 

Acid sohdtone (a) 10 n-HjS 04 for the hydrolysis of con- 
jugated phenol, (6) 6 % H3PO4 for titratmg rabbit urine to 
the pH required for the distdlation of free phenol 

Apparatus 

For the steam distillation of phenol finm a given solution 
the apparatus shown m Fig 1 was used A is the steam gener- 
ator, 1 e a 2 1 conical flask. Zmo dust is added to the water 



Fig 1 Apparatus for the distdlation of phenol from unne 
(see text for descnption) 

for smooth boihng 5 is a water trap is a micro Kjeldahl 
distillation flask fitted with a bulb trap at its exit H is a 
Liebig’s condenser 15 is a water bath (beaker) completely 
surrounding the end of C and the water m it is kept boihng 
during distillation Fis a volumetno flask used as a receiver 
During the hydrolysis of conjugated phenol the condenser Z) 
18 fitted vertically above C No rubber should be exposed to 
the steam distillate, and the rubber bung at the upper end of 
the condenser D is covered with tm fod Exposure of the 
distillate to rubber connexions results m a low recovery of 
phenol (an aU glass apparatus would be ideal) Before use 
and between experiments the apparatus is thoroughly 
steamed out 

Oonstructzon of the phenol calibratzon curve 

To a senes of ten 25 ml volumetno flasks were added 
1-10 nd, of a standard 0 001 % phenol solution (10 /ig /ml ) 
The Kolthoff- Vlesschouwer alkahne buffer pH 10 16 (6 ml ) 
and then the phenol reagent (10 ml ) were added to each 
flask Finally, the volume m each flask was made up to 
25 ml mth distdled water and the contents mixed and 
allowed to stand for 1 hr when the blue colour reached a 
maximum Colour measurement m a 1 cm cell was made 
With a Spekker photoelectnc absorptiometer with an Ilford 
no 607 spectrum orange filter The curve obtamed is given 
luFig 2 

The effect of pH on the development of the colour was 
shown by repeating the above expenment using alkahne 
buffers of pH 9 2, 9 7 and 10 5 instead of that of pH 10 16 


At pH 9 2 maximum colour development required 3 hr , at 
pH 9 7 the result was simdar to that at pH 10 16, at 
pH 10 6 the maximum colour developed m 1 hr , but it 



0 10 20 30 40 SO 60 70 80 90 100 

Phenol (jj.g ) 

Fig 2 Standard curve for the estimation of phenol usmg 
2 6 dichloroqumoneohloroimide at pH 10 16 

rapidly deteriorated, at pH 10 16 the blue colour was stable, 
reaching a maximum m 1 hr , and this pH was adopted m 
all subsequent estimations 

The recovery of phenol from pure solution by 
steam distillation 

Mixtures of standard phenol solutions (1-5 ml ) and 
Sorensen buffer pH 6 (6 ml ) were steam distiUed m the 
apparatus already descnbed Distillation was earned out 
at such a rate that 100 ml of hqmd were distilled m 10- 
16 min A smtable sample (1—10 ml ) of the distillate was 
then buffered with the Kolthoff-Vlessohouwer alkahne 
buffer and the phenol reagent added as already described 
The colour was measured as before The results are given m 
Table 1 which shows that as httle as lOpg of phenol/ml 
solution can be recovered almost quantitatively by steam 
distdlation 

Table 1 The recovery of phenol from pure 
solution by steam distiMation 

(The numbers m parentheses give the number of deter- 
minations of which the percentage recovery quoted is the 
average ) 


Amount of 

Vol of 

Phenol 

phenol added 

distillate 

recovered 


(ml ) 

(%) 

1 mg m 1 ml solution 

26 

96 6 (8) 


50 

96 (16) 


100 

99 (11) 

1 mg m 6 ml solution 

50 

96 (16) 


100 

97 (16) 

0 1 mg m 1 ml solution 

25 

92 (8) 


50 

95 (4) 

0 1 mg m 6 ml solution 

25 

91 (8) 


60 

100 (4) 

60/ig m 1 mL solution 

26 

98 (4) 

BO fig m 6 mL solution 

26 

94 (4) 
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The detcnnrnahon of conjxigatal phenol in 
pnre solution 

The virmes of animals receiving bon/ono or phenol 
are likely to contain phonylglucuronido and otlioroal 
sulphate The ethereal sulphates are readily liydro- 
lyzod by dilute acid, but the stability of glucuro- 
nidos to acid is variable (see Hanson, Mills 
Williams, 1944) Monthylglucuronide, for example, 
18 readily hydrolyzed by dilute acid, ■whereas o- 
aminophen^dghicuronido is only hj’drolj'zotl wth 
difficulty Plionjdghicuronido appears to fall some- 
where in between these two extremes The follownng 
experiment w os, therefore, designed to find outwdiat 
length of time ond strength of acid are required 
to hydrolyze phenylglucuronide complotelj, and 
w'hethor the phenol thus sot free can bo recovered 
quantitatively by stoom distillation 

A standard aqueous solution of jihcnjl-^ n gluouronido 
(ni p 100-102°) was prepared b> dissohing 287 2 mg oftho 
glucuronido in 100 ml water Tins solution on complcto 
hj droh SIS should jucld 1 mg plicnol/ml AVlicn freshly pit? 
pared these solutions gi\ c no colour w ith the phenol reagent 
at pH 10 15 However, aqueous solutions of phcnjlglu- 
euronide do not keep more than a few da^s and should bo 
made up fresh on each occasion 

In earlier expenments HCl was used in the hjdrolysis, 
but since this acid is volatile in steam it was subsequently 
replaced bj H^SOt Plienj Iglucuronidc solution (1ml) 
vntli 5 ml 2^ or lOx-H.SO^ were rolluxcd at 100° in tho 
micro Kjeldahl flask (C, Fig 1) for v arymg times The water 
in E (Fig 1) was then replaced by iced water and the reflux 
condenser washed down with a few ml of water Tho con- 
denser vras then put in position for distillation and tho 
solution steam distilled Tho phenol m the distillate was 
then determined as before Table 2 shows that optimum 
recovery (95%) of phenol occurs when tho glucuronido 
solution has been h3’drol3^ed for 1 hr with IOn-H.SO^ and 
these conditions were adopted for determmation of con- 
jugated phenol 
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interfere with the development of colour It was found, 
liow e\ or, that furfural in amounts equivalent to tho phenol 
distilled had no cflcct on the development of tho phenol 
colour Calibration cun es constructed by distilhng phenol 
(10-100/ig ) alone and in the presence of eqmvalent amounts 
of twice distilled furfural were coincident 

The recovery of phenol added to normal rabbit unne 

Normal rabbit unne is usually alkaline and has to he 
brought to pH 0 before added phenol can be recovered by 
distillation This can be achieved by titrating to pH 6 with 
0% HaPOi iiud then adding 5 ml of a Sorensen buffer pH 6 
to 5 ml of the acidified unne It w ns then found that on 
steam distilling such a buffered unne contaming added 
phenol tho distillate had a pH of 8-9 Such distillates did 
not give a pure blue colour with tho phenol reagent at 
pH 10 n, tho colours obtained were dirty blue or green 
The interfering substance, especially vnth shghtly stale 
unnes, was eventually' found to bo largely NH,, particu 
larlv in rabbit unne Tho removal of ammoma, where it 
occurred abov c a cntical concentration, was achieved by 
treating every 5 ml of unne (brought to pH 6 vnth 6% 
H3PO4) with 2 g of pcrmutit (GO mesh), and filtenng A 
sepamte expenment showed that ponnutit did not remove 
added phenol from urine 

Unne eonlaimng added phenol was therefore treated as 
above and steam distilled, tho recovenes are given in 
Table 3 which shows that 50-1000 pg of phenol can be re 
covered by’ distillation almost quantitatively when added 
to unne 


Table 3 Recovery of phenol added to 
normal rabbit unne 


Vol of 

Phenol 

Vol of 

Phenol 

unne treated 

added 

distillate 

recovered 

(ml) 

(mg) 

(ml) 

(%) 

1 

1 

100 

98, 100 

1 

1 

50 

100, 100 

5 

1 

100 

100, 100 

6 

1 

50 

99, 101 

1 

0 05 

25 

95 

6 

0 05 

26 

93, 97, 96 6 


Table 2 Recovery of phenol from 
phenylglucuronide solutions 

(1 ml of phenylglucuromde solution (phenol eqmv 
= I mg ) -H 5 ml H1SO4 hydrolyzed and steam distilled ) 


Duration of 

Strength of 

Phenol recovered 

hydrolysis 

acid (HjSO^) 

(hr) 

(N) 

(%) 

1 6 

2 

30 

0 26 

10 

81 6 

06 

10 

88, 89, 99, 88 

10 

10 

92, 99, 91 6, 93 6, 



97 6 

1 6 

10 

90, 93 6 


Dunng the action of hot mmeral acids on glnouromo acid, 
furfural is formed This aldehyde can be detected (by aniline 
acetate) in the distillates from the hydrolysis of phenyl- 
glucuromde Furfural is said to give a green colour with 
2 6 dichloroqumoneohloroimide (Scudi, 1941) There is, 
therefore, the possibdity that furfural in the distillates may 


le phenol content of normal human and rabbit unne 

Rabbit urine The recovery of added phenol from normal 

ne raises tho question of whether normal unne contain 

Qificant amounts of phenol Normal rabbit unne ir 

mght to pH 6 and treated with permutit as 

ibed above The treated unne (5 ml ) wm then ^ 

tilled For total phenol, 6 ml of 

dmg imder reflux with 6 ml IOn HjSOi and 


o 

Me 4 shows that normal rabbit urme maF ^ 
10-13 ug total phenol/ml , an amount of httie 
frcance when compared with the phenol 
ra m unne after feedmg benzene or phe^ ^ 

other figures which have been given for free 

jgated phenol m rabbit unne are those 
hmann (1943) This worker gives, 

19 mg and conjugated phenol, 1 15-10 U mg / 



Vol 44 


aiETABOLISM OP BENZENE IN BABBITS 


49 


Table 4 Free and combined phenol in normal rabbit unne 

Phenol 


Rabbit 

Volume of 
unne 

(lug /24 hr ) 

- 

(mg /lOO ml ) 

A 

/ 

> 



no 

(ml /24 hr ) 

Free 

Total 

Free 

Total 

72 

39 

0 09 

0 60 

0 23 

127 

73 

67 

0 42 

0 66 

0 63 

0 97 

74 

62 

0 35 

0 776 

0 66 

1 26 

76 

80 

0 50 

0 972 

0 63 

1 22 

Sample 






1* 

— 

— 

— 

0 32 

— 

2* 

— 

— 

— 

0 22 

— 

3* 

— 

— 

— 

0 30 

— 

4* 

— 

— 

— 

0 26 

— 

6* 

— 

— 



0 37 



6* 

— 

— 

— 

0 63 

— 


* Mi'^ed unnes 


Table 6 Free and combined phenol in normal human unne 


Subject 

A G 
F W 
J P 


Vol of fresh , 

random sample Free 

(ml ) (mg ) 

120 0 

230 0 

204 0 


Phenol 


Conjugated Conjugated 

(mg ) (mg /lOO ml ) 

1 23 10 

1 16 06 

1 83 0 9 


Human unne Smee human urme is shghtly aoid, there is 
no need to titrate it •with 6 % H3PO4 as m the case of rabbit 
nnne To 6 ml human unne, 6 ml of Sorensen buffer pH 6 
^re added and the resulting mixture had a pH very nearly 6 
fi treated ■with permutit and the filtrate 

ed Total phenol ■was detenmned as for rabbit urine 
■I he results are given m Table 6 

General methods 

Olu^rontc acid was detenmned by the method of HaHson 
w (1944), usmg pure phenylglucuromde (m p 161-162°) 
as the standard 

Ethereal sulphate and neutral sulphur were determmed 
gravimetncally by the Fohn method 


RESULTS 

Expenments with Phenol 

Free and conjugated phenol Rabbits ■were main- 
1^6 on a diet of 60 g Lever’s cubes and 100 g 


cabbage per diem Phenol was administered by 
stomach tube at a dose level of 126 mg /kg m 10 ml 
of water m most eiqieriments In two expenments 
phenol dissolved m 0 9 % sodium ohlonde was m- 
jected mtrapentoneaUy at a dose level of 60 mg /kg- 
Urme for analysis was centrifuged and then filtered. 
All detemunations were earned out -wit hin 1—2 hr of 
coUectmg the urme sample The unne was analyzed 
for firee and conjugated phenol by the method 
described above 

Phenol at the dose level used is excreted almost 
entirely m a conjugated form, traces only of free 
phenol bemg excreted (Table 6) The excretion of fi’ee 
phenol IS more significant after mjection than after 
oral admunstration On an average 77 % of the fed 
phenol and 62 % of the mjected phenol are excreted 
as total phenol Furthermore, the phenol was 
completely excreted -within 24 hr of its admimstra- 
tion 


Table 6 


The 


excretion of free and conjugated phenol by rabbits receiving phenol orally and by injection 


Phenol excreted 


Rabbit 

Wt 

Dose 

Method of ^ 


no 

(kg) 

(mg /kg ) 

administration 

(mg) 

6 

285 

126 

Oral 

0 

9 

2 65 

125 


0 

10 

16 

31 

73 

75 

Biochem 1949, 

2 96 

126 

99 

9 9 

Trace 

2 1 

126 

ff 

Trace 

2 45 

125 

99 

Trace 

2 6 

2 0 

44 

60 

60 

Injection 

99 

5 

42 


Free 

A 

(% of dose) 

0 

0 

0 

0 

0 

33 

24 


Total 




(mg) 

(% of dose) 

281 6 

79 

232 6 

70 

302 0 

81 9 

170 6 

65 

236 1 

77 1 

843 

66 2 

' 98 0 

66 3 


4 
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Glucuronic acid excretion Tho results (Table 7) 
show that at doses of 125 and 250 mg /kg about 
70% of the admimstered phenol is oxcroted as a 
glucuromde (see Fig 3) Tho figures for tho dose of 
60 mg /kg are imrohablo, for at those low doses, tho 
variation in normal glucuronic ncid excretion may 
cause significant errors 


t 

Experiments with benzene 

Free and conjugated phenol Rabbits were mam 
tamed on a constant diet of 60 g Lever’s cubes and 
100 g cabbage per diem Benzene was admmistered 
by stomach tube at a dose level of 600 mg /kg with 
10 ml V ater The urine excreted v as analj^ed daily 


Table 7 The excretion of conjugated glucuronic acid in the rabbit after orally administered phenol 


Rabbit 

Wt 

Lose 

‘Extra’ 
glucuronic 
acid excreted 

Phenol eqmvalent 
to ‘extra’ 
glucuronic acid 

no 

(kg) 

(nig /kg ) 

(mg) 

(% of dose) 

00 

2 82 

50 

314 0 

107 9 

OS 

2 8 

50 

271 4 

93 2 

72 

2 75 

50 

325 0 

114 7 

76 

2 02 

50 

204 0 

90 7 

78 

2 6 

126 

648 6 

86 0 

82 

216 

125 

494 2 

78 3 

83 

2 05 

126 

398 0 

68 2 

00 

2 77 

250 

1094 6 

77 1 

Ob 

2 8 

250 

1210 7 

83 0 

72 

27 

250 

876 0 

62 8 

75 

2 0 

250 

700 8 

62 6 



Fig 3 Glucuromo acid excretion by rabbit no 00 which 
had received 141 mg of phenol orally on the 7th day of 
the experiment 

Isolation of phenylglucuromde Five large rabbits were 
each given 0 9 g of phenol (total fed, 4 6 g ) with water 
Their irnne, collected durmg 18 hr , was acidified with a 
httle glacial acetic acid and treated with 0 2 vol of satnr 
ated normal lead acetate solution The solution was filtered 
and the filtrate nentrahzed with NHiOH An excess of 
saturated basic lead acetate solution was now added and the 
precipitate was filtered at the pump and washed with water 
It was suspended m water and its lead removed with H 2 S 
After removal of PbS the filtrate was concentrated tn vacuo 
at 40-60° until it began to ciystalhze The whole was 
allowed to crystallize at 0° and the phenylglncuronide 
(4—6 g ) filtered ofi" It was reciystallized from benzene 
contaming a httle ethanol and it formed needles m p 101— 
162° sinte ring slightly at 110° 


for free and conjugated phenol by the method 
already described (see Table 8) IMost of the phenol 
formed was excreted vethm 24 hr of feedmg the 
benzene (see Fig 4) and fiirthermore very httle 
occurred m the free state 

Excretion of conjugated glucuronic acid The output 
of glucuronic acid after feedmg benzene is gl^^ m 
Table 9 Fig 6 illustrates a smgle experiment T^ese 
results show that on an average about 11 % of tire 
dose of benzene is excreted as a glucuromde, assrnn- 
mg thot one molecule of benzene gives rise to one ot 

‘extra’ glucuromc ocid 

Excretion of ethereal sulphate and neutral sulphur 
The results for these experiments are ^ven m 
Table 10 In two of these experiments the hexene 
was fed dissolved m a vegetable oil, and m t e o ^ 
with 10 ml of water An average of 9 ^ /o of th 
benzene fed is excreted as an ethereal sulphate 

mambulkofthe ‘extra’ ethereal s^phate is excret^ 

durmg the first 24 hr after feeding J®® ^ 

although m one or two cases appreoiab e 
were excreted m the second -24 hr 

In the case of the neutral -sulphur outpu . 

daily variation of the normal value 

mch that It was difficult to reach a 

3 ion We are, however, of the opimon that it any 

Lnzene is excreted by the rabbit ^ a 

acid then the amount is smaU, and cam 

tected by prob^^^^ does 

(1946) has concluded that the p 2barsky 

& Youog ( I"*™ Zotrola the dose of bon- 
•at urmes m yields up to 0 3 7 /„ by 

sene Such amounts could not 

leutral'Sulphur determmations 
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Table 8 


Babbit 

no 

7 

36 

41 

44 

72 

74 


metabolism of benzene in rabbits 

The excretion of phenol by the rabbit after oral adrmmstration of benzene [dose 600 mg jkg ) 

Phenol excreted 


Wt 

Dose 

f 

Free 

Total 

Free 

Total 

(kg ) 

(g') 

(mg) 

(mg) 

(% of dose) 

(% of dose) 

2 66 

1 326 

0 

2710 

0 

17 0 

2 16 

1076 

0 

118 2 

0 

9 1 

2 0 

1000 

0 

117 7 

0 

9 7 

1 86 

0 926 

0 

66 3 

0 

6 9 

2 66 

1 300 

246 

112 9 

1 0 

72 

26 

1 300 

02 

98 0 

04 

63 



Pig 4, The excretion of free (broken line) and total (con- 
tinuous hue) phenol by rabbit no 74 after an oral dose of 
1 3 g benzene 



Fig 6 Glucuronio acid excretion by rabbit no 84 (con 
tmuous hne) and ethereal sulphate excretion by rabbit 
no 9 (broken line), after oral doses of benzfene Doses 
rabbit no 84, 1 3 g (500 mg /kg ), rabbit no 9, 2 85 g 
(1 0 g /kg ) 


Table 9 Excretion of conjugated glucuronic acid by rabbits receiving oraUy 600 mg of benzene/kg 


Babbit 

Wt 

Dose 

Extra glucuronic acid 

Extra glucuronic acid 

no 

(kg) 

(g) 

(mg) 

(% of dose) 

73 

2 66 

1 326 

130 6 

42 

79 

246 

1 236 

149 0 

48 

74 

26 

126 

182 6 

59 

79 

2 65 

1276 

260 6 

7 9 

84 

2 66 

1326 

268 8 

8 16 

83 

2 67 

1 3 

279 8 

86 

84 

26 

1 3 

309 7 

95 

79 

245 

1225 

418 5 

13 7 

82 

25 

1276 

666 6 

17 6 

84 

2 57 

131 

« 681 4 

20 9 

83 

2 65 

131 

739 7 

22 7 




(dose 600 mg 

/kg) 





Extra ethereal sulphate 

Babbit 

m 

Dose 

r 

A 

V 

no 

(kg) 

(g) 

(mg SO 

s) (% of dose) 

7 

25 

1 3* 

78 2 

6 85 

6 

28 

1 4* 

113 8 

79 

6 

27 

136* 

110 9 

80 

9t 

2 85 

2 694* 

2313 

84 

lot 

29 

2 893* 

260 4 

84 

6 

2 65 

131* 

140 2 

10 4 

6 

26 

130t 

142 8 

10 7 

7 

2 6 

130t 

224 2 

16 8 

* Benzene fed with water 

t Dose of 1 g /kg 

t Benzene fed dissolved 


Neutral 
sulphur 
(% of dose) 

0 

0 

0 

0 

'O 

0 

0 

0 


4-2 
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Ohaervahona on catechol and qmnol 

The only previous attempt to estimate catechol 
and qumol in urme appears to be that of Baornstom 
(1946) In this, the phenols wore extracted from 
neutralized acid -hydrolyzed benzene urines with 
ether, ond the catechol was separated from phenol 
and qumol ns n load salt Wo attempted unsuccess- 
fully to find specific reagents for catechol and qumol 
m order to avoid load separation Although we 
devised methods for the determination of catechol 
and qumol added to normal urine, those methods 
gave erratic results vhon applied to benzene urines 
owing to the presence of mterfering substances, one 
ofvhich V 0 identified os hydroxyqumol It is, there- 
fore, proposed to mention our experiments onl3' 
briefly 

Ddcrmxnatwn of catechol in pure solution Cntechol can 
be rcadilj estimated in pure solution mtli 2 0 dicliloro 
quinonecldoroimidc With this reagent cntechol gi\ es at an 
optimum pH of 0 0-C 8 a blue purple colour nhich la pro 
portionnl to the catechol present Qumol docs not interfere, 
but phenol and 0 and »n-crcsols do A calibration cun 0 n ns 
prepared by mixing, in 20 ml flasks, acetate buffer pH 0 7 
(6 m]) and a solution of 2 0 djchloroqiiinoncchloroimido 
(3 ml ) prepared as for phenol estimations, n itli a senes of 
1-10 ml of a fresh 0 002 % cntceliol solution and making up 
to 20 mJ with water The colours produced 1 hr after 
mixing were read in a Spokkor absorptiomoter mth an 
Ilford no COG spootrum yellow filter A reproducible 
straight lino calibration curve was obtained 

Catechol m quantities of 0 1-1 0 mg /ml can be 
recovered from aqueous solution by ether extraction 
for 4 hr to the extent of 80 % of that added 

Determination of qumol in pure solution The estimation of 
qumol was based on the method of Oglesby, Sterner A 
Anderson (1947) for the dotcrmmation of p benzoqumono 
in air The standard curve was obtamed by mixmg m 20 ml 
flasks a senes of 1-10 ml of a 0 002% qumol solution ivith 
1 ml of 0 6% phlorogluomol and then adding nator to 
within 3 ml of the mark 0 1 k-KOH (1 ml ) was added and 
then water to 20 ml The mixed solutions were kept for 1 hr 
and then the red colour was measured m the absorptio 
meter usmg an Ilford no 604 spectrum green filter A re 
producible straight Ime calibration curve was obtamed 

By this method qmnol can be estimated m the 
presence of phenol, o-, m- and^i-oresols and furfural, 
but catechol mterferes Qmnol (0 06 % solutions) 
can be recovered by ether extraction for 4 hr from 
aqueous solution to the extent of 90 % 

Neither of these methods for catechol and qmnol 
IS as sensitive as the method used for phenol 

Determination of added catechol and qumol xn urine 
Normal rabbit urme (5 ml) containing 10 mg each of cate 
obol and qmnol were acidified with 6 drops of 2n H^SO^ and 
then extracted contmuously for 4 hr with ether Acetate 
buffer pH 6 7 (10 ml ) was added to the extract and the 
ether was removed fixim the mixture by suction at room 


temperature The resulting solution was then neutrabzed 
mth solid NaHCOa, filtered and made up to 25 ml with the 
acetate buffer pH 0 7 A 6 ml sample of the solution nas 
then placed m a fine sintered glass filter (Pyrox SF2A/4) and 
mixednithOml buffer pH 0 7 and 6 ml 0 1 m lead acetate 
(normal) solution Catechol is thus precipitated as a lead 
salt (precipitate A) The glass filter was then subjected to 
suction, the filtrate being sucked mto a test tube containmg 
5 ml of 2 % sodium oxalate which precipitated the excess 
lead in the filtrate The excess lead was removed by filtra- 
tion through asbestos m a Gooch crucible and the filtrate 
mode up to 50 ml mtli water The qumol m a sample of this 
solution uns then determined by the phlorogluomol KOH 
method desenbed above Glacial acetic acid (3 ml ) was 
now added to the lead catecholate (precipitate A) m the 
Sintered glass filter AVhen the lead salt had dissolved, the 
resulting solution nos sucked into a test tube containing 
5 ml of 2% sodium oxalate The glass filter was carefully 
■washed with 10 ml water which was also sucked mto the 
test tube The mixture was then filtered through the same 
glass filter to remove lead oxalate, and the final clear filtrate, 
after neutralization with sohd NaHCOj, was made up to 
50 ml w itli water Catechol xvas determmed m 6 ml 
samples of this solution ns described above for catechol m 
pure solution The recoveries of both catechol ond qumol by 
this method were 80-90% of the amounts present Such 
rccox ones were also obtained when phenol was present, for 
phenol appears in the qmnol fraction dunng the lead 
separation 

The recovery of cntechol and qmnol was also tested under 
iydrolj sis conditions Unne (6 ml ) containmg the added 
phenols was heated on the water bath for 1 hr under reflux 
with lOji -H.SO4 (5 ml ) The mixture was cooled and ex- 
tracted with other for 4 hr Catechol and qumol m the 
extract were then determmed as m the preceedmg para 
graph Under these conditions 80 % of the added phenols 
were recovered 


The above method was now apphed to urines of 
rabbits receixung benzene or phenol orally With 
benzene unnes erratic results were obtamed due 
apparently to the other metabohtes m such unnes 
The results were more erratic for catechol than for 
qumol, for we found that benzene urme contamed 
hydroxyqumol which was precipitated with catechol 
dunng the lead separation Our results with benzene 
are therefore not worth quotmg 

Some results xvith administered phenol are given 
m Tables 1 1 and 12 It should be noted that no free 
catechol or qumol was excreted These tables show 
that the mam oxidation product of phenol is 
After a smgle dose of phenol, qumol is excreted, but 
not catechol With contmuous feedmg of phenol 
about 6 % of the dose appears as conjugated qumol, 
with traces only of oatecl.ol These resulte o^ 
the earlier observations of 
(1879), who isolated qumol from the hy o yz 
urme of a dog whose skin had been pamted with 
phenol twice a day for 6 days, and fi-om the ^nne of 
a dog poisoned with phenol, catechol wm only 
detected m smaU amounts Bauma^ & Preusse 
also detected qumol m the urme of dogs receiving 
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Table 11 The excretion of combined catechol and quinol by a rabbit receiving daily doses 

(260 mg Ikg ) of phenol 


Catechol Quinol 


Dose 

Volume 
of unne 



(% of the 

(% of the 

(% of the 
day’s dose) 

(% of the 

(g) 

(ml) 

day’s dose) 

total fed) 

total fed) 

0 727 

60 

0 

0 

23 

23 

0 721 

138 

0 

0 

76 

4 96 

0 717 

84 

Traces 

0 

Present* 

?* 

0 710 

116 

0 

0 

61 

6 Of 

0 712 

140 

0 

0 

48 

4 95t 

* 

Result unrehable 


t Excludmg day 3 



Table 12 The excretion of catechol and quinol by a rabbit receiving a single oral dose 

(200 mg jkg ) of phenol 

Percentage of the dose excreted as 


Catechol Quinol 


Day 

J-/UOO 

(g) 

< 

Free 

Combmed 

Free 

Combmed 

1 

0 62 

0 

0 

0 

1 0 

2 

Nil 

0 

0 

0 

0 

3 

Nd 

0 

0 

0 

Trace 


doses of potassium phenylsulphate, but m lesser 
amounts than after phenol, the phenylsulphate 
being more rapidly excreted than phenol It should 
also be noted (see Tables 11 and 12) that contmuous 
dosmg with phenol gives rise to the excretion of 
larger amounts of qumol than does a smgle dose 

Muconic acid 

If the rmg of benzene undergoes fission m the body 
to mucomc acid it should give rise to the cis-cts form, 
but the isomer which has been isolated from benzene 
urmes m the past has always been the trana-trana 
form (see Wfibams, 1947) The amount of mucomc 
acid formed fi:om benzene is small and uncertaan so 
we attempted to find a method for estunatmg this 
acid m unne The occurrence of a conjugated double 
bond system m the acid immediately suggested that 
it might be estimated spectroscopically Wo have, 
therefore, exammed the ultraviolet absorption 
spectra of the two isomers (see Fig 6) 

CIS as Mucomc acid, m p 175°, was prepared according to 
Boeseken & Kerkhoven (1932) Its absorption spectrum 
has not been previously recorded In ethanol it shows one 
absorption band with A ^.,. 258 6 m/i. and 19,880 

irons irons Mucomc acid, m p 296°, was prepared accord 
ing to Ingold (1921) Its ultraviolet absorption spectrum m 
ethanol has been previously recorded by Hausser, Kuhn, 
Smakida Deutsch (1935) who give at 261-263 m/i., 
^ut was not quoted In ethanol we found one band 
"1th 259 mp and 27,100 and m 2% NaOH the 
band was at 261 mp, and 24,600 Thus both forms of 
mucomc acid show maximum absorption at the same wave 
length, but the irons irons isomer absorbs more strongly 
than the as as isomer (cf as- and traTW-cmnamic acids, 
^makula &, Wassermann, 1938) It is possible that during 
Isolation from unne the cis-cis acid may be con\ erted to the 


trans irons acid (cf Drummond & Finar, 1938) We have 
mvestigated the posaibdity that this change may be 
brought about by heat, our cntenon of change bemg altera- 
tion m the extmotion at 269 mp. We found, however, that 
the CIS cts acid m ethanohc solution (0 025 %) was not con 
verted to the irons irons acid by heat alone 



Fig 6 Spectral absorption of cts as- and irons trans- 

mucomc acids irons irons-Mucomc acid m ethanol , 

Anj»i., 259 mp., 27,100, irons irons mucome 

acid m 2% NaOH, A„,^ 261 mp , 24,600, cis- 

as mucomc acid in ethanol, A^ 258 5 mp , 19,880 


The deierminaiion of trans trans mucomc acid xn pure 
solution and in unne trans trans Mucome acid is adsorbed 

I aqueous solution and it can be 

eluted by 2 ^ NaOH The amount of the acid m the eluate 
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can bo dotcrniinod ppcctrographicnllj Forc\ttmp)o,2 6 mg 
muconic noitl in 200 m] n atcr v ero complcfcij ndaorbccl by 
a column of nlunmm (feav on and iAIoorc Ltd ) 20 x 1 25 cm 
After wn>-lnng the column uith 100 ml nntcr, the muconic 
nod uns completel 3 eluted bj 00 m! 2% NnOH, and the 
muconic acid content of tlic cliiatc uns determined spectro 
grnphicnlh In 8 experiments using 2 5 mg of the acid in 
200 ml uatcr tlie following rccoxcncs were obtained, 100, 
80,00,90, 100, 100, 92and 100% With shorter columns the 
muconic acid was not complete!} adsorbed The same 
evpenment was repented with muconic acid added to 
normal rabbit unno at rarjing pH, but on eluting the 
column with 2% NnOH it Avns found that some constituent 
of the urine, winch absorbed all light of wa\c lengths less 
than 300 mp , was also eluted Although much time was 
spent on this problem, it llnnllj had to he abandoned 

DI&CUSSION 

In Table 13 the results quoted in preceding tables 
liavo been a\ eraged and Bummarwod With bonzeno 
there is ft considerable scatter in the glucuronido 
figures n Inch varj' from 4-22 % Tiio figures for 
etlioreal sulphate (5 8-10 7 %, witli one extreme of 
15 8 %) and phenol (6 3-9 7 %, mth one extreme of 
17%) are more consistent This scatter may in part 
be due to the volatihty of benzene, for there is little 
doubt that a largo and vanablo omount of the 
benzene fed escapes imcbonged through the lungs 
Although -ae have not yet investigated the ehmino- 
tion of imchangod benzene we suspect that the 
amount thus eliminated may be as high as 80 % of 
the dose The scatter m the glucuromde figures is also 
partly due to the quantitative method bemg loss 
accurate than the methods for ethereal sulphate and 
phenol We can, howex’^er, use the averaged figures of 
Table 13 for the purposes of discussion 


1949 

total phenols that 25 % of mjected benzene was 
oxidized to phenols in the rabbit We have also 
found that tlie phenols excreted are almost entirely 
conjugated Small amounts of free phenol but no 
free catechol, qmnol and hydroxyquinol were 
found Concerning tlie amounts of the latter phenols 
excreted it appears that together they amount to 
about 1 1 % of the dose of benzene, but we were un- 
able to estimate each phenol separately for reasons 
already mentioned The qualitative results of the 
followmg paper (Porteous & Williams, 1949), how- 
ever, indicate that catechol and qumol are probably 
excreted in rouglily equal amounts, whereas hydr- 
oxyqumol excretion is about a quarter that of cate- 
chol A very rough assessment of tlie amounts of 
eacli plionol excreted would be phenol 10, catechol 
4-5, qmnol 4-5 and hydroxyqiunol about 1 % of the 
dose of benzene 

With reference to phenol itself it is clear that its 
mam metabolites are phenylglucuromde andphenyl- 
sulpliuric acid which together account for 76% of 
the phenol fed Furthermore, we found that only 
traces of free phenol were excreted, a result which is 
contrary to that found by Deichmann (1944), who 
reports that half of the phenol excreted m the unne 
of rabbits receivmg phenol orally is m the free state 
That our results are correct is supported bj' the fact 
that the total conjugation is 89 % winch m experi- 
ments of this type represents an almost quantitative 
recovery of the phenol fed The difference between 
the total conjugation and total phenol amounts to 
14 % (see Table 13) This figure, whicli is necessarily 
only approximate, mdicates that phenol is converted 
to a small extent mto other phenols winch, according 
to the early work of Baumann & Preusse (1879), are 


Table 13 The excretion of metahoUtes by rabbits receivmg benzene or phenol oraUy (averaged results) 


r 


Compound Dose 

fed (mg /kg ) 

Benzene 600 

Phenol 125-250 


Ethereal 

sulphate 


95 

19t 


♦ Catechol, qmnol and hydroxyquinoL t 


Percentage of dose excreted as 

- -A 


Total 

Glucuromde phenol 

112 0 2 

70 76 


Total 

conjugates 

20 7 
89 


Other phenols 
(1 e total 
conjugates - total 
phenols) 

11 6 * 

14t 


Value quoted from Wdhams (1938) t Mainly qumol 


-This table shows that about 20-2 1 % of the benzene 
fed IS excreted as conjugated sulphates and gluou- 
romdes, the ratio glucuromde/ethereal sulphate 
bemg roughly unity About one half of these con- 
jugates contains phenol and the other half contains 
catechol, qumol and hydroxyquinol (Porteous & 
Wdhams, 1949) Thus about 20-21 % of the admin- 
istered benzene is oxidized to phenols, a figure which 
agrees with the results of Brauns tern, Parschm & 
Chalisowa (1931), who found by direct estimation of 


mainly qumol with small amounts of catechol In 
fact Baumann & Preusse isolated qumol from the 
urme of a dog which had had phenol rubbed mtoite 
elan Our results on the determination of catechol 
and qmnol m phenol urme mdioate that at least 6 % 
of the phenol fed is excreted as qmnol conjugat^ 
Whether or not phenol is oxidized to catechol m the 
higher animals has yet to he proved In certain 
phenol-ntdizmg nucro-orgamsms, however, phenol 
IB oxidized to catechol (Evans, 1947) 
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SUIMMAIIY 

1 'A quantitative study has been made of the 
excretion of phenol, glucuromc acid and ethereal 
sulphate by rabbits receivmg oral doses of benzene 
or of phenol 

2 A new colorimetric method for the estimation of 
free and combmed phenol m urme has been studied 
Tills method is based on steam distillation of phenol 
from urme and determmation of phenol m the distd- 
late by means of the blue colour with 2 6 dichloro- 
qumonechloromnde under specified conditions 

3 Normal human urme contains about 6-10 mg 
of total phenol/1 m a conjugated form, whereas 
rabbit urme contains 2-6 mg free smd 10-13 mg 
total phenol/1 

4 The results mdicate that about 21 % of ad- 
ministered benzene is excreted as phenols, 9 2 % as 


phenol and 11 6% as other phenols, 9 6% of the 
benzene fed is excreted as ethereal sulphates and 
1 1 2 % as glucuromdes Only traces of free phenol 
are excreted 

6 Wlien phenol is fed to rabbits it is largely ex- 
creted as phenylglucuromde and phenylsulphunc 
acid, but some is oxidized to qumol which is ex- 
creted conjugated Only small amounts of free 
phenol are excreted 

6 Attempts to estimate catechol and qumol m 
benzene urme were unsuccessful because of mter- 
ference by hydroxy qumol, a metabohte of benzene. 

7 The absorption spectra of cw cm- and trana- 
trana mueomc acid are recorded These acids can be 
estimated m pure solution spectrographicaUy, but 
the method fails with urme 

The expenses of this work were m part defrayed by a 
grant from the Medical Eesearch Council 
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BENZENE U THE ISOLATION OF PHENOL CATECHOI 
QHINOL HTOROXYQUINOL FROi\I THE ETHEREAL SULPHATE FRArTrr)^f 

OF THE URINE OF RABBITS RECER’^ING BENZENE ORALLY 


By J W PORTEOUS and R T "WILLIAMS 
T//e Department of Btochcmistry, University of Liverpool 


(Received 5 May 1048) 


Iiv tUo precodmg paper rt was 8Lo^^n that tho aver- 
age sum of tlio glucuronic acid and otlioroal sulphate 
conjugations of rabbits receiving benzene orally v os 
about 20 %, and it was assumed that the conjugates 
evereted wore those of phenolic substances Of 
those phenols about one half was sIiouti quanti- 
tatively to be phenol v herons the other half was 
probably a mixture of other phenols such as catechol 
aud qumol In tho present paper it wll bo proved by 
actual isolation that tho urine of benzene-fed rabbits 
contains four phenols, namely phenol, catechol, 
qumol and hydroxy qumol (1 2 4-trihydroxybon- 
zene) Phenol and catechol liavo boon isolated from 
‘benzene urmos’ by earlier workers (Munk, 1876, 
Nencla & Giacosa, 1880), but we report the isolation 
of qumol and hydroxyquinol for tho first time We 
also looked for pyrogallol and dihj'droxydihydro- 
benzene, but found no e\ndonce that they are meta 
bolites of benzene 

EXPERBIENTAL 

T/ie colour reactions used for the 

detection of phenols 

During tho extraction and separation of phenols from bon 
zene urino, the nature of the phenols in tho fractions sop 
arated was ascertamod by the following colour tests 
The feme chloride test To 2-3 ml of tho noutral or famtly 
held teat solution, 1 or 2 drops of a 2% aqueous FeClj 
solution wore added The colour was noted and then the 
solution was made progressively more alkaline, first with 
sohd NaHCOj, and finally with 1 drop of 2 n NaOH Any 
change in colour was noted during the progressive alkaliza 
tion of the solution Tho colours given by tho relevant 
phenols are given m Table 1 


Tho most intense colours are given by catechol and 
hj droxj qumol, and it is not possible to distmguish between 
catechol, hjdrovyqoinol and pjTogalloI In mixtures of 
catechol and hydroxyqumol, such as those encountered m 
extracts of benzene urmo, it is not possible to say by this 
test whether or not liydroxvqmnol is present 
The 2 0 dichloroqiitnonechloTomide test To 2-3 ml of the 
test solution, a few small crystals of 2 6 dichloroqumone 
chJoroimidc (British Drug JETouses Ltd ) were added and the 
solution well agitated Any colour was noted The pH of the 
solution Mas non graduallj’ raised to 8 by small additions of 
solid NaHCOj, the solution bemg agitated contmnously 
Time was given for any colour to develop The pH was 
further raised to 9 2 by adding borax solution and the 
colours again noted Finally tho pH was raised to 10 with 
a NujCOj borax solution The results of these tests are 
recorded m Table 2, qiunol is not included for it does not 
give a colour with the reagent In mixtures of the relevant 
phenols, hydroxyqumol Mas found to give the donimant 
colour, and it was found easy to detect it m hen large amounts 
of catcohol wore present The blue colour given by phenol 
develops slowly at pH values less than 10 and hydroxy 
qumol can casdy be detected m the presence of phenoL The 
present test was found to be very useful for detecting small 
amounts of hydroxyqumol in the presence of catechol and 
phenol 

The sulphuric acid test (of Barth A Sohreder, 1884) To a 
few crystals of the dry phenol 4 or 6 drops of cold cone 
were added and the colour obsen ed The mixture 
was then warmed for a few seconds on the water bath and 
the colours observed Table 3 shows that the H,SOi test is 
almost specific for hydroxygumol if the other phenols 
present are those included m Table 3 Withdned evaporated 
ether extracts fixim unne, HIiS 04 may sometimes give 
browmsh colours due to ohamiig However, with ex 
penence hydroxyqumol can easily be detected m extracts 
by this and the previous test 


‘Phenol’ 

Phenol 

Qumol 

Beaorcmol 

PMoroglnomol 

Hydroxyqumol 

Pyrogallol 

Catechol 


Table 1 The feme chloride reaction of certain phenols 


Neutral solution 
Pale violet 

Green flash, then yellow 
Pale violet 
Intense violet 
Dark brown 
Transient green, then 
red brown 
Dark green 


Colour appearing m 


NaHCOj 

Colourless 

Colour fades 

Yellow 

Ppt Fe(OH)3 

Blue 

Brown 


Trace of NaOH 

Ppt re(OH)j 
Ppt Fe(OH), 
Ppt Fe(OH)j 

Purple 

Purple 


Intense violet 


Purple 


1 drop of 2 n NaOH 


Eed-purple to red 
Brown purple 

Bed puiple 
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Table 2 The colour reactions of certain phenols with 2 6 dichloroquinonechloroimide and the effect of pH 

Colour produced at pH 


Compound 

6 6-7 0 

80 

92 

10 0 

Comment 

Phenol 

Blue 

Blue 

Blue 

Blue 

Intensifymg as pH 
rises 

Catechol 

Blue purple 

Blue purple 

Blue purple 

Red purple 

Colour unstable 
with nflmg pH 

Reaoremol 

Magenta 

Red 

Cnmaon 

Dark red with ppt 

— 

Hydroxyqumol 

Red 

Red 

Intense red 

Very mteuse red 
tendmg to fade 
to brown 

Colour mtensifies 
with nsmg pH and 
stable up to pH 10 

Phlorogluomol 

Orange red 

Orange 

Yellow 

Fades to brown 

— 

Pyiogallol 

Yellow 

Yellow brown 

Brown 

Cherry red 

— 


As hydroxyqumol -was actually isolated as its tn-p 
tolueneaulphonate, it is included m Table 3 This ester gives 
an intense green colour on heating inth cone HjSO^ The 
p tolueuesulphonates of phenol, catechol and quinol give 
only femt yeUowish or reddish brown colours m this test 


Table 3 The colour reactions of certain phenols 
with concentrated sulphuric acid 


‘Phenol’ 

Phenol 

Catechol 

Eesoroinol 

Quinol 

Hydroxyquinol 
Phloroglnoinol 
Pyrog^ol 
Hydro-eyquinol 
tn p toluene 
sulphonate 


Colour obtained with cone HjS04 
In the cold 


Colourless solution 
Colourless solution 
Pink 

Colourless solution 
Pmk 

Colourless solution 
Colourless solution 
Colourless solution 


On wanning 

Colourless solution 
Colourless solution 
Faint orange 
Colourless solution 
Intense red 
Colourless solution 
Colourless solution 
Intense green* 


* luteii^es on stronger heating, the p toluenesnlpho 
c°l catechol and quinol do not give a oharacter- 


Table 4 The melting points of the benzoates and 
p-toluenesulphonaies of certain phenols 


Compound 
P Cresol* 
Phenol 
Catechol 
Qnmol 

Sydrosyquinol 

Pvrogallol 


Melting point of 


Benzoate 
71°t 
68°t 

84° (di )t 
199° (di )t 
120° (tn )|| 

89-90° (tn-)t . , 

t ofnormal 

i This paper 

§ ^p^ 4, Wilhams Ltd (1944) 

11 ihiele & Jaeger (1901) 


p Toluenesulphonal 

69°t 

96°t 

162-3° (di-)t 
169° (di )§ 
106-6° (tn-)t 
140° (tn 


um 


Preparation of reference compounds 
separation and identification of the phenols 

solubil,hrB™f’ prepare and study i 

and 7, tnW ^ a number of phenohe esters The benzoa 
P olucnosulphonatcs were found to be the most use 


and easdy prepared denvativea A summary of the melting 
pomts of reference compounds is given in Table 4 

The p toluenesidphonatea of catechol, hydroxyquinol and 
pyrogatlol are new compounds They were prepared by dis 
solving the phenol (1 g ) m 10% NaOH (10 ml ) and adding 
10 ml acetone contaimng the calculated amount of p 
toluenesniphonyl chlonde The mixture was shaken m a 
stoppered tube for 10-20 mm The product was poured mto 
water, and the sohd formed was recrystallized from aqueous 
or absolute ethanol In the case of hydroxyqiunol (m p 
138°, prepared according to Vliet, 1926 and Healy & 
Robmson, 1934) good yields of the ester were obtamed only 
if NsjCOj were used instead of NaOH 
Catechol dt p (oluenesulphonaie formed small colourless 
needles, m p 162-163°, from 'ethanol (Found C, 57 4, 
H, 4 3, S, 15 1 CgoHisOsS. requires C, 67 4, H, 4 3, 
S, 16 3%) 

Hydroxyquinol tn p toluenesidphonate formed rectangular 
plates, m p 106-106°, fixim ethanol (Found C, 66 7, 
H, 4 3, S, 16 2 C27 Hj 40 bSs requires C, 55 1, H, 4 1, S, 
16 3%) 

Pyrogatlol tn-p toluenesidphonate formed irregular plates, 
mp 137-140°, fium ethanol (Pound C, 64 9, H, 4 3[ 
S, 16 6 C37HJ4O9S3 requires C, 65 1, H, 4 1, S, 16 3% ) 

The examination of benzene urine for phenols 

On two successive days, 10 rabbits, on a diet of 60 g 
Lever’s cubes and 100 g cabbage/day, were given by 
stomach tube 2 ml benzene each, 1 e a total of 40 mL or 
32 g The unnes were collected for 4 days (hereafter referred 
to as TJi, 77,, U 3 and U^) after the first dose The daily 
volumes of unne obtamed were 800, 1220, 800 and 1000 ml 
respectively All samples had a pH of 8, were dark m 
colour, non reduemg and gave no defimte colour with FeCl, 
Each urme was centrifuged to remove any sohd matenal 
Peroxide free ether was used m ah extractions 

Isolation of free phenol Only the urme of the first day U 
was examined for free phenol This imtreated urme was ex- 
tracted for 3 6 hr with ether m a contmuons extractor The 
extract was colourless and colour tests mdicated that only 
phenol was present The ether was evaporated and the 
residue was dissolved m 10 ml of 10% NaOH To this 2 g 
p toluenesulphonyl chlonde m 5 ml acetone were added 
The mixture was shaken for 0 5 hr and kept overmght It 
was then poured mto 50 ml water and the precipitate pro 
duced was coUected and recrystallized (charcoal) from hot 
absolute ethanol The product (plates, 50 mg ) had m p 
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90-^91° and nas identified as phenol p loliicnesnlpbonate 
mixed mp 90° (Found C, 02 8, H, 4 7, S, 12 0 Calc for 
ChHijOjS C, 02 4, H, 4 9, 8, 13 1 %) 

Parhal hydrolysis of the vrntc Eaeh da^’s urine was 
treated intli enough eonc HCl to gno it an aeiditj of l^ 
and then it nas heated to 90° for 0 0 hr By this process 
ethereal sulphates but not gliicuronides ncrc hjdrolj-zcd, 
for, as shonn in the precetling paper (Portcoiis I'L, Williams’ 
1949), much stronger acid and longer heating is necessary 
to Iiydrol^Tso plicnylglucuronide 

After liydrol3’’si8 i7j and U, ucrc cxtractwl nith ether for 
37 hr , 10 fractions being collected Colour tests on these 
indicated that earlier fractions contained niainU phenol 
and catechol ivith small amounts of qiiinol, nherens the 
later fractions contained mainly qiiinol nith small amounts 
of catechol and phenol Onl^ traces of h\dro\>quino) ucro 
foundin 17jand f/j The combined ether extracts nerodned 
oxermght with anhydrous Nn-S04 and then e\npomted bj' 
suction at room tempcmtiirc To minimize the loss of \ola 
tile phenols heating was a\oidcd during o\apomtion of the 
ether In this way an oily residue was obtained 

Scparalton of phenol and qimiolfrom catechol and hydroxy- 
quinol Phenol and qiiinol 1101x2 non separated from cate 
ehol and hjdroxjquinol bj lead precipitation Tlio oily 
mixture was taken up m the minimum quantity of boding 
Hater, treated mith charcoal and filtered On coohng, hip- 
punc acid often crystallized out at this stage and 11 ns re 
moved by filtration The filtrate 11 as made faintly alkaline 
inth NaHCOj and an excess of saturated basic lend acetate 
solution added The precipitate 11 Inch formed 11ns filtered 
off and Hashed 111th iiatcr This precipitate (A) contained 
the catechol and hj droxyquinol and the filtrate (B) from it, 
the phenol and qiunol 

Isolation of catechol The precipitate (A) 11 ns suspended in 
11 atcr and thorough]3' gassed inth H.S The PbS i\ ns filtered 
off and the filtrate, after treatment with charcoal to rcmoi o 
colloidal sulphur, was acidified with n little HCl It was 
then extracted contmuouslj' for 20 hr iiith ether The cx 
tract Has evaporated and the residue bcnzoylnted mth 
2 5x-NaOH and benzoyl cldonde The mixture was poured 
into water and the alkaline solution allon ed to stand 24 hr 
The precipitate was filtered, washed with nator and dried 
(yield 650 nfg ,* m p 60-07°) It was then dissolved m 
100 ml hot ethanol and filtered On standing overnight a 
small crop (20 mg ) of needles, m p 190°, appeared This 
was reciystaUized fixim methanol and identified as quinol 
dibenzoate, m p and mixed m p 194° (Found C, 75 6, 

H, 4 6 Calc, for CuH^Os C, 75 6, H, 4 4% ) The filtrate 
from this small fraction was diluted with a httle water and 
evaporated to two thirds its volume On coohng, 620 mg 
of crystallme material m p 80-95° were obtamed The above 
crystalhzation procedure was repeated and a small amount 
of qumol dibenzoate, m p 190°, and 600 mg of catechol 
dibenzoate were obtamed The catechol derivative after 
two recrystaUizations from methanol had m p 80°, mixed 
mp 81-82° (Found C, 76 3, H, 4 6 Calc for CijHioOj 
C, 76 6, H,4 4%) 

Isolaiton of phenol and quinol The filtrate B (see above) 
was thoroughly treated with H.S to remove excess of lead 
The solution was filtered, treated with charcoal to remove 
colloidal sulphur, and the clear solution acidified with a 

• More than half of the material was lost accidentally 
and the actual yield was probably at least 1 2 g 


'I949 

little HCl It Has tlien extracted for 15 hr mth ether The 
oily resi^ie, after rcmoi al of the ether and neutralization 
mui i')nHC03,^Has dissohed m 10 ml of 10% NaOH and 
treated mth 5 g p tolucncsulphonyl chlonde m 10 ml 
acetone TJic mixture was shaken for 0 5 hr, allon ed to cool 
for 2 Jir and then poured into 50 ml water After standing 
overnight, the granular solid has filtered off This was re 
crjstnlhzcd from 50 ml hot ethanol (yield S5g, m p 
76-85°), and dissohed m 160ml methanol, on cooling, 
crude quinol di p toluenesulphonate m p 149- 
152 separated Several recrjstallizations from methanol 
jiclded the pure ester, mp 150° and mixed mp 158° 
(Found C, 57 7, H, 4 15, S, 15 15 Calc for C^HjsO.S. 

C, 57 4 , If, 4 3 , S, 15 3 % ) The methanoho filtrate firom the 
quinol ester, when allon ed to stand and evaporate, yielded 
2 0 g of crude phenol p toluenesulphonate, m p 80° After 
sol cml recrj stnihzntions from methanol, pure phenol p 
toluenesulphonate, mp 89° and mixed mp 90°, was 
obtainwl 

Isolation of hydroxyqinnol Only veiy small traces of 
hjdroxj quinol were found m urmes and U 2 It was 
found, however, in greater amounts m the urmes of the 
thml and fourth da^s (V^ and TJ^), these urmes were 
partially hjdrolyzed os described for U-^ and TJ,, and were 
extracted continuously with ether, t/, for 37 hr and 'U^ for 
33 hr Colour reactions showed that phenol, catechol, 
qumol and Iij droxyquinol wore present m the extracts It 
Has noted that hj droxyquinol tended to be extracted m the 
early fractions mth catechol and phenol, whereas later 
fractions contamod mainly qumol and some phenol 

The combined ether extracts of P, and CI4 were treated 
mth basic load acetate as already desenbed for Dj and Ui 
The lead precipitate contamed the catechol and hydioxy- 
quinol H liereos the filtrate contamed the phenol and qumol 
Tho phenol and qumol fraction was on tins occasion ben 
zoylatcd and 200 mg of qumol dibenzoate (m p and mixed 
m p 196-197°) and 30 mg phenyl benzoate (m p 65-66° 
and mixed m p 66° Found C, 78 3, H, 6 2 Calc for 
CiaHijOj C, 76 4', H, 5 1 %) were obtamed 

Tho catechol fraction, after removal of lead, etc , was ex 
trncted mth ether for 20 hr The ether was evaporated to a 
reddish oil This was neutralized with NaHCOj, dissolved m 
150 ml sat NajCOj solution and treated mth 3 g p 
toluonosulphonyl chlonde m 10 ml acetone The mixture 
was shaken for 0 6 hr , kept alkahne and allowed to stand 
overmght The mixture was then poured mto an equal 
volume of water and, after standmg 4 hr , the sohd matenal 
(620 mg ) was dissolved m 150 ml hot methanol, treated 
mth charcoal and filtered On coohng, 190 mg of crude 
catechol di p toluenesulphonate, m p 146°, separated This 
was filtered off and the filtrate set aside to ciystaUize 
further, yieldmg a second crop of 220 mg of crystals, m p 
96-100°, which did not depress the m p of authentic hy- 
droxyqumol tn p toluenesulphonate and which gave an in 
tense green colour on heating with cone HjS04 It was re 
crystallized fimm methanol and identified as hydroxy- 
qumol tn p toluenesulphonate, m p and mixed m p 101 
(Found C, 64 8, H, 4 16. S, 16 4 Calo for C„H.40,S, 

C, 56 1. H, 4 1, S, 16 3% ) The filtrate fixim the hyto^ 
qumol ester on evaporatmg and coohng yielded a further 
70 mg of catechol di p toluenesulphonate, m p and mixed 
m p 160° after recrystalhzation from methanol (Found 
C, 67 2, H, 4 4, S, 16 6 Calc for C^HisO.Sj 0, 57 4, H, 

43. S, 16 3%) 
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DISCUSSION 

In the preceding paper (Porteous & Williams, 1949) 
we showed that about 9 6 % of oraUy administered 
benzene is excreted by rabbits as ethereal sulphates 
We Ijave now shown that phenol, catechol, qumol 
and hydroxyquinol occur m the sulphate fraction of 
benzene urme The yields of these phenols isolated as 
crystaUme derivatives are given m Table 6 
Tlie total phenols isolated amount to 3 6 % of the 
dose of benzene Losses insuch isolation experiments 
are mevitably lugh, and we feel that the whole of 
the ethereal sulphate fraction, which repTesents 
9 6 % of the dose of benzene, is mcwie up of these four 
phenols excreted probably as monosulphates Other 

. V 


work m this laboratory suggests that catechol 
(Garten & Wdhams, 1948), qumol and hydroxy- 
qumol (Anderton & Wilhams, unpublished) are 
excreted by rabbits as monosulphates We also con- 
sider that the yield of each phenol is representative 



Table 6 The recovery of phenols from the urine of 
rabbits receiving benzene orally 


‘Phenol’ 

Phenol 

Qmnol 

(^techol 

Hydroxyquinol 


Percentage of dose isolated from 


Urine of 

Urine of 


1st and * 

3rd and 


2nd days 

4th days 

Total 

26 

0 025 

2 62 

028 

0 16 

043 

03 

Oil 

0 41 

Ttaces 

010 

010 


0 the total amount of each m the ethereal sulphate 
faction Table 6 also gives some mdication of the 
Of er m winch these phenols are produced from 

enzene On the first 2 days phenol predonunates, 
lereas on the third and fourth daj'S, the excretion 

01 phenol is only about 1 % of that of the first 2 days 
10 excretion of phenol after feedmg a smgle dose of 
nzone onlj' lasts 1 day (see Fig 4 of the precedmg 

paper, Porteous & Wilhams, 1949) Qmnol and 


catechol are excreted m rouglily equal amounts, 
twice as much of each bemg excreted on the first 
2 days as 'on the third and fourth days However, 
the outputs of catechol, qumol and hydroxyqumol 
on the third and fourth days are each greater than 
that of phenol and most of the hydroxyqumol 
appears on these days It is evident, therefore, that 
the first metabohte of benzene is phenol which may 
then be oxidized to catechol and qumol One or 
both of these dihydnc phenols may then give rise to 
hydroxyqumol Garton & Wdhams (1948) have 
shown that hydroxyqumol is a metabohte of cate- 
chol but not of qumol (Garton & Wdhams, unpub- 
lished) On our present evidence the sequence m the 
oxidation of benzene, without reference to conju- 
gates, may be as follows 


OH OH 



There is, however, some uncertamty m this scheme, 
for we have shown (Porteous & Williams, 1949) that 
qumol IS the mam oxidation product of phenol m the 
rabbit, although Baumann & Preusse (1879) claim 
that catechol is formed m small amounts from 
phenol We feel, however, that further work is 
necessary on the metabohsm of phenol, for Baumann 
& Preusse (1879) have shown that potassium phenyl - 
sulphate is shghtly oxidized to qumol derivatives, 
and it may be argued on theoretical grounds that 
qumol derivatives are oxidation products of phenol 
conjugates whereas catechol is an oxidation product 
of free phenol 

Phenol and catechol could arise from a dihydroxy- 
dihydrobenzene thus, 

OH 
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but as yet wo have foimcl no ovidonco for tins 
ecliemo, which is being furtlier considered m another 
publication 

TJie present 'i\ork has some bearing on tlio m- 
dustrial toMcology of benzene It is clear that the 
longer benzene remoins in the body the greater will 
be the extent of its oxidotion to tho toxic polyhydnc 
phenols, and continuous feeding of benzono will give 
rise to a continuous and increased production of 
catechol and quinol Tho most profound effects of 
benzono poisoning in man ore those related to the 
blood picture (butsoo Bowers, 1947) Tho production 
of erythrocytes, loucocj'tes and platelets in tho bone 
marrow is affected (Bodanskj^ <5L Bodansky, 1937) 
Thus Camp Baumgartner (1915), from a studj' of 
the effect of benzene on abscesses in tho rabbit, con- 
cluded that benzene did not reduce mature louco- 
cytoB, but onl 3 ' their production in the bone 
marrow It is, therefore, pertment to mquiro 
whether tho metabolites of benzene are responsible 
for these effects on blood coll production and tho 
bone marrow Oettol (1930) lias showm that repeated 
admmistration of sublethal doses of qumol to cats 
produces an anaemia and a depigmontation of 
the hair The depigmentation was considered to 
bo duo to an mterforonco by tho redox system, 
quinol ^ qumone, with enzymes of tho pigment 
forming system Again, Dietermg (1938) has shown 
thot repeated small doses of catecliol also produce 
anaemia, with a reduced hoomoglobm concentra- 
tion, leucocjde and erytlirocyte count but no do- 
pigmentation of tho Jiair as m the case of qumol 
These observations, together wth our work, suggest 
that the effects of poisonmg due to prolonged ex- 
posure to benzene may be caused by the contmuous 
production of catechol and qumol What part 
hj-^droxygumol plays cannot be stated smce little is 
knowm of its effects on the organism (Harold, 
Nierenstem & Boaf, 1910—11) 

In support of the view that the toxic effects of 
benzene may be due to its metabohtes is the recent 
work of Dustm on mitotic poisons Qumol and cate- 
chol (Dustm, 1947, Peirmentier & Dustm, 1948, 
Zylberszac, 1939) are mitotic poisons (of the trypa- 
flavme type) which attack cells about to divide, 
causmg nuclear destruction by pycnosis , this pheno- 
menon is called by Dustm ‘mitotic poisonmg before 
prophaae’ to distmguish it from the colchicme typio 
of mitotic poisons which arrest rmtosis at the meta- 
phase The effect of qumol and probably of catechol 
is, therefore, most significant m regions of active cell 
proliferation such as, m the case of benzene poison- 
mg, the bone marrow The effects of qumol on mitosis 
are sumlei to those produced by io nizin g radiations, 
and hence qumol and poisons of the try paflavme 
type have what Dustm calls a radiomunetic effect 
Accordmg to Fabre (1947) rat-liver tissue oxidizes 
benzene to phenol tn vitro more rapidly than any 
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other rat tissue, tho optunum conditions bemg pH 7 
and 38° Under the same conditions toluene is not 
oxidized to plienolic substances From an mdustnal 
toxicological pomt of view toluene is less mjunous 
than benzene (von Oetfcmgen, Neal, Donahue, 
Svirboly, Baornstem, Monaco, Valaor & Mitchell, 
1942), and it is known to be metabolized entirely to 
benzoic aoid and its conjugates (Knoop & Gehrke, 
1926) This difference m toxicity between benzene 
and toluene and m their metabohc fates lends 
further support to the view that benzene is toxic 
because of its phenolic metabohtes 
One furtlier important observation whichrequires 
discussion 18 tliat the phenoho metabohtes of hen 
zone in tlio rabbit are excreted entirely conjugated 
with glucuronic and sulphuric acids and are, there 
fore, detoxicated The phenols can only exert then 
toxic effect so long as they are free There is, there 
fore, a toxic and anon-toxio phase m the metabolism 
of bonzone as follows 

toxic phase nou-toanc phase 

^ , * , 

oxidation conjugation detoxicated 

benzono >- free phenols y phenols 

It follows, therefore, that tho toxic effects of benzene 
depend on the rate of its oxidation to phenols and on 
the rote at wdiich tlie phenols are conjugated If 
tliese rates are equal, or the process of conjugation is 
faster than oxidation, benzene will not exert toxic 
effects tlirough the free phenols The oxidation of 
benzene is probably an irreversible process, but the 
conjugation process maj"^ be reversed smce gluouro 
mdase and sulpliatase occur m the body Glucuro 
nidase is known to hydrolyze glucuromdes, but 
there is no rehable endence that it can synthesize 
them (Lewy, 1948) Furthermore, sulphatase 
hydrolyzes ethereal sulphates (Sumner & Somers, 

1947) , but tliere is no information on the synthetic 
abihty of this enzyme Recently it has been showm. 
(Kerr & Lewy, 1947, Lewy, Kerr & Campbell, 

1948) that m tissues regenerating after moderate 
damage by certam ohemical poisons there is amarked 
mcrease m p-glucnromdase Furthermore, cancer 
tissue has a very much higher glucuromdaso content 
them the unmvolved adjacent tissue (Fishmann & 
Anlyan, 1947) It is possible, therefore, that under 
certam conditions the conjugated phenols formed 
from benzene may be hydrolyzed and release tomo 
phenols once agam mto the body Conditions which 
would favour the occurrence of phenols durmg 
benzene metabolism would be pathological dis- 
turbances of the hver, through either ohemical 
poisons or an mfeotion which would affect that 
organ’s oonjugatmg power or mcrease its ^-glucuro- 
nidase content 

Damage to and impairment of th^ conjugatmg 
power of the hver could be brought about m a 
number of ways Unchanged benzene may cause 
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sbght damage to the hver by ita solvent action on 
hpids Agam, a low-protem diet may affect the 
liver m two ways Dogs on a low-protem diet are 
much more susceptible to benzene poisomng than 
those on an adequate protem mtake (Li, Freeman, 
Hough & Gunn, 1946-6) Protem is apparently the 
mam source of sulphur for detoxication of phenols 
as ethereal sulphates, and lack of protem thus means 
lack of sulphate for conjugation In this coimexion 
it IS mterestmg to note that the effects of benzene 
poisoning m human bemgs treated with sulphates by 
mjection were much milder than those m untreated 
cases (Ramazzotti, 1943) Furthermore, adequate 
protem is necessary to mamtam the hver m a 
normal functional state The hver may also be im- 
paired by infections, thus upsettmg its conjugatmg 
power, or mcreasmg its ^-glucuromdase content by 
moderate damage In this connexion it is to be 
noted that m many persons there is a predisposition 
to benzene poisonmg, and this predisposition can 
apparently be correlated with infections acquired 
prior to or dunng employment m a benzene-con- 
taimng atmosphere (see von Oettmgen, 1940 for 
summary, Greenburg, 1926) 

SUMMARY 

1 Colour reactions for detectmg vanous phenols 
in mixtures and some new p-toluenesulphomc esters 
of phenols are described 


2 Phenol, catechol, qumol and hydroxyqumol 
have been isolated from the ethereal sulphate 
fraction of the urme of rabbits reeeivmg benzene 
orally on two consecutive days The phenols isolated 
amounted to 3 6 % of the dose of benzene 

3 Phenol is excreted first and then catechol and 
qumol, hydroxyqumol is only found m appreciable 
amounts on the third and fourth days after the 
mitial dose of benzene 

4 The results suggest the following sequence m 
the oxidation of benzene 

benzene— >- phenol— >■ catechol (and qumol)— vhydroyyqmnol 

5 The phenols excreted are almost entirely 
conjugated Only traces of phenol, and none of 
the polyhydnc phenols, are excreted m the free 
state 

6 The significance of the results is discussed in 
relation to the mdustnal toxicology of benzene 

Note added 6 judy 1948 

We have recently found that catechol, qumol and hydroxy- 
qumol are metabohtea of phenol m the rabbit Qumol is the 
mam oxidation product, but catechol is formed m small 
amounts 

The expenses of this work were m part defrayed by a 
grant from the Medical Research Council 
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The Characterization of the Esterases of Human Plasma 

BVD H ADAMS akdV P ''TOTTAICER, D.;, 

{Rccctvcd'za March 1048) 


Tho onzj-mos \\ Inch catalj zo tlio hydrol^-sig ofcstcra 
ofrelatn oly Jo^vmoJecular iroigJifc Jm\ o Ijcon dn idod 
into three mom t3T)09 nliphntic estornses (‘oli- 
eatornses ’), w Inch hj drolj zo nliplmtie cstora sticJi na 
methyl biitjTOto nnd tnbut\rin, spocifie or ‘tnio’ 
chohnosteroses, ^\lllch li^drol3ZQ ncotjlchohno but 
not certain nhphotic esters, nnd non specific or 
‘ pseudo ’-cholmcstorosoa, nhich h>droIv/o both 


oaternso nctmtj' slioiin bj different tissues is due to 
ossontinllj" tho same onzjTno or to widely different 
onzjnics, it could also bo applied to the related 
problem of deciding nhetlior a number of different 
csforn&o activities shown bi the same tissue is due 
to a single onznno or not 
Tlio present mi estigotion has been made with the 


ncetiTrdio'hnn T i f ; ' ‘^‘Irohvo both object of testing this second application of the 

acotj Icholmo nnd aliphatic esters i hoy are distinct method nnd of ascertaining i\ hat variations m the 

regarded as significant We haie 
chosen ns our enzimne source human plasma, which 
has boon considered bj previous investigators to 


tho simpler trigl} condos, nnd from other, often ill 
defined esterases, such ns tho sterol ostorases and 
lecithmases 

TJie characterization of these enzi'mes is made 
difficult both by tlioir overlapping spocificitj nnd by' 
tho fact that tii o or more tj'pcs of ostornso ma^ occur 
together m biological material Considorablo pro- 
gress has, hoMcvor, latolj’' been made bj' tho use of 
sjTithetie substrates, tho hj'drolj sis of ii Inch appears 
to be specific for certain classes of estoraso (Mendel, 
Mundoll d. Rudnoj', 1943), nnd bj’ moans of specific 
mlnbitors, soimrol i orj'^ potent ovamples of which 
liaio been discovered m recent chemical warfare 
research Tlius the fiuorophosphonates such os di- 
isopropyl fluorophosphonate (DFP) inhibit pseudo- 
cholmestorasos verj’^ poworfullj'^ and true cholin- 
esterase to a considerably loss degree (Mazur & 
Bodansky, 1946, Mendel & Howkins, 1947) Thomp- 
son (1947) and Adams & Thompson (1948) have 
shown that another chemical warfare agent, di- 
(2 chloroethyl)methylaname (DDM), powerfully in- 
hibits cholmesterases, the ‘specific ’ cholmesterase of 
bram and erythrocytes bemg this time the more 
sensitive 

The differential nature of the mhibition by DFP 
and DDM is well brought out by measurmg the ratio 
of the concentrations of the two inhibitors which are 
required to give 60% inhibition of the system under 
identical conditions The values obtamed for this 
ratio (the DDM/DFP Jgo ratio) for tho ‘specific’ 
cholmesterases of human bram and erythrocytes 
were of the same order of magnitude (460 and 600 
respectively), the value for the cholmesterase of 
human plasma which, as pomted out below, is 
probably a non-specific cholmesterase, was widely 
different, bemg about 2 6 x 10® 

There would thus seem to be here a useful addi- 
tional method for the characterization of esterases 
which might be used, without the necessity for 
enzyme purification, to decide whether a particular 


contain a single non specific esterase which is un 
complicated bj’^ tho presence of a second enzyme and 
hj drol^ves acot^d- nnd bonzojd-cliolme, glyceryl tn- 
butjTato and triacetate, and methyl butyrate, but 
not acetyl-^ methjdoholme 

Thus Vahlqmat (1035) found that the ncotyloholme ond 
tnbutjTin esterase actmties of humon plasma ivore not 
separated by cataphorcsis, that the inhibitory effects on 
them of otovj 1, osonne and quinine were of the same order, 
nnd that there was a significant correlation between them 
m different subjects, both normal nnd diseased, and in the 
same subject at different times He also noted that methyl 
butyrate hjdrolisis nns similarii inhibited by ntosyl and 
esenno but nas stimulated by quinine, the inhibition data 
were not, however, ver 3 extensive or satisfactory 

Easson A. Stedman (1937), although cntical of Vahlquist, 
agreed that acetjicliolme, tnbutjTin and methyl butyrate 
esterase activities are approximately equally sensitive to 
esenno They also performed summation experiments 
which, they state, were consistent with the conclusion that 
only one esterase is present Richter & Croft (1042) con 
firmed and extended Fahlquist’s results without, however, 
using any new techniques They showed a significant corre 
lation between the rates of hydrolyas of acetylcholme and 
tnbutjTun, and of acetylcholme and methyl butyrate, by 
human serum, which was unchanged by partial denat^ 
tion and absorption They found that the hydrolysis o^a 
three substrates was completely inhibited by 10 M 
esenne They also confirmed the pozzhng stimulatmg effect 
of quinine on methyl butyrate hydrolysis 

Mendel et al (1943) found that human plasma hydrol^es 
benzoyloholine It also hydrolyzes acetyl p methylchohne, 
but only very slowly (1-2% of the rate "^th aoetylohotoe) 

In this It resembles the punfied cholmestewe ^ horee 
serum, but differs from the enzyme 

brains of a inde range of species It is therefore classified 
by these workers as a pseudo chobnesterMe 
Early references to a serum bpase (e g Ha i , 
not, apparently, refer to a genume hpase ^ ^ 

fata, but to the esterase activity of serum Thus 9 
states that plasma is ‘practically without effec on o ry 
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fats’ and Richter & Croft (1942) conclude that there is ‘uo 
evidence for a seruin lipase in normal human serum’ 

The present work falls into two parts In the first, 
we have used a statistical method for determmmg 
the I50 ratio for representative cholme and non- 
chohne esters which enables us to obtam an estimate 
of the probable range of the ratio for each substrate, 
and we have found that the values are closely 
similar This and the further evidence provided by 
summation experiments have led us to conclude that 
acetyl and benzoyl-chohne, tributyrm and tnacetm 
are allhydrol5czed m plasma by one enzyme, a non- 
specific or pseudo-chohnesterase In the course of 
this work, however, we obtamed evidence for the 
presence m plasma of a small amount of a second 
enzyme, insensitive to DFP and DDM, capable of 
sphtting ahphatic esters such as tributyrm and 
tnacetm and also responsible for a small hpase-hke 
activity of plasma towards such substrates as tri- 
olem In the second part we describe a method of 
obtammg a preparation of the DFP-sensitive enzyme 
free from this second enzyme 


METHODS 

Source of plasma The plasma used m most of the expen- 
ments was obtamed by centnfugmg fresh oitrated blood 
provided by the E M S Blood Transfusion Service, m the 
remamder, the blood was drawn from laboratory volunteers, 
and sodium citrate (0 1 %) added Transfusion plasma was 
ound to be an excellent enzyme source, different samples 
Bi ^ fairly constant activity Plasma was 

ored at 0 , and showed httle loss of activity m 3—4 weeks 
intorates The foUowmg esters were used. Cholme esters 
^tyloholme chlonde (ACh) (Bntish Drug Houses Ltd ), 
nzoy cholme bromide (BCh) (a preparation kmdly 
Port f ty Dr A H Eord-Moore, Experimental Station, 
A ®sters glyceryl tnbutyrate (TB), 

butyrate (MeB) (all from 
oil) ** ® Houses Ltd ), glyceryl trioleate (TO) (as ohve 

Tir3!f ^ t5ie form of a freshly 

rc so ution m 0 024 m NaHCO,, the ahphatic esters 


were pipetted directly mto the side bulbs of the reaction 
flasks and covered with bicarbonate solution Owing to 
their sparmg solubihty they were present m the reaction 
mixture whoUy or partly as an emulsion, the concentrations 
given m later sections are those that would have been 
attamed had all the added ester dissolved Careful purifi- 
cation of TB and TA before use was found to be essential, 
especially m the summation experiments This was accom- 
plished by washmg with NaHCOj solution and water 
saturated with NaCl, drying over anhydrous NajSO^ and 
dist illing tn vactu), the middle fraction be ing used 

Pre limin ary experiments showed that under our con- 
ditions a maximum or nearly maximum rate of hydrolysis, 
which remamed constant durmg the experimental period, 
was obtamed with concentrations of ACh and BCh of 
0 008 m or higher, and with 0 1m TB, TA and MeB, and 
these concentrations were used throughout the work. 

Inhibitors Di-(2-chloroethyl)methylamme hydro 
chlonde (DDM) , diwopropyl fiuorophosphonate (DFP) (both 
from the Fixperrmental Station, Porton) These were used 
as freshly prepared solutions m bicarbonate 

Estimation of esterase activity Esterase activity was 
deter min ed manometncaUy by Ammon’s (1933) adaptation 
of the Warburg techmque, m which hydrolysis of the ester 
IS followed by measurement of the COj hberated from a 
COJNaHCOs buffer at pH 7 4 The procedure was essen- 
tially that descnbed m our previous papers (Thompson & 
Whittaker, 1944, Adams & Thompson, 1948), the substrate 
hemg added to the side bulbs of the Warburg flasks, and 
plasma, inhibitor and sufficient 0 2 % NaHCOg to give a 
final volume of 3 ml to the mam compartment The flasks 
were then gassed with 95% N2-)-6% COj, equffibrated at 
38° and the substrate tipped m Esterase activity is 
recorded as yl CO* evolved/30 min ./ml plasma 

RESULTS 

Eaypenments vnth unpunfied plasma 

Enzymic activity of plasma Table 1 shows some 
collected data of the rate of hydrolysis of ACh, BCh, 
TB, TA and MeB m the presence of plasma Each 
hne of the table relates to the same plasma The 
figures given are the average of different experi- 
ments, even when, as with ACh and BCh, the con- _ 
centration of substrate was not always the same. 


Table 1 The rdative rates of hydrolysis of ACh, BCh, TB, TA and MeB in presence of plasma esterase 


different samples of plasma are given, the figures m parenthesis bemg 
t Concentrations ACh, BCh, 0 006-0 03 m, TB, TA, MeB, 0 1m ) 


the number of experiments 


ACh 

1340 (1) 
1227 (2) 
1374 (6) 


Av 1314 


Rate of hydrolysis (/d COi/mL pla8ma/30 nun ) 


BCh 

TB 

TA 

MeB 

638 (2) 

725 (3) 

— 

— 

655 (1) 

702 (3) 

— 

— 

— 

636 (6) 

223 (3) 

— 

— 

705 (3)* 

284 (1)* 

— 

— 

615 (2) 

164 (2) 

66 (3) 

— 

— 

159 (2) 

72 (2) 

— 

780 (3) 

— 

— 

— 

686 (8) 

— 

— 

697 

693 

208 

69 


* Serum 
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since tins was in\annblv such as to give n steady 
inoMinum rate of hydrolysis TJio concentration of 
plasma varied, it vas greater vith the less rapidly 
h3’'drolj^zecl substrates in order to give com onientlj 
measurable COo evolutions 

It will be seen that ACh is the most rapidly 
h3’drol3'7ed ester, that BCh nndTB aro split at about 
half, and TA and jMoB at about ono-so\ onth and 
ono-twentioth, the rate vnth ACh It should bo 
noted, hovovor, that the ratios of the average acti- 
vities of different plasmas are not 6trictl3 com- 
parable os there wore \ar3ing losses in nctivit3' 
during storage 

Plasma appears to cause a small catalytic h3'dro- 
I3SIS of triolein (Table 2), vluch is lost on heating, 
and isproportionol to the amount of plasma present 

Table 2 Rate of hydrohjsis of triolein by jjfasma 

(Figures in bmekets arc number of exiienments ernged , 
columns to be rend indcpcndenth ) 

Rnfc of Ii3drol3sis 
(fil CO.i'nil plnsmn/20 min ) 


0 03 VI 

0 07 VI 

33 

'll (3) 

27 

59 

33 (2) 

48 (2) 

— 

55 

— 

49* 

— 

42 


* ^Measured over 25 min 


The rate of the catatyzed reaction was foimd to 
decreose rapidly after the substrate hod been tipped 
mto the reaction mixture, becoming nearl3'- zero after 
30 min Changes m plasma or substrate concen- 
tration did not, under our conditions, produce a 
steady rate of hydrolysis, but the rate did appear to 
be mcreased when the amount of triolem was 
mcreased from 90 to 210 mmol /3 ml , even though 
most of the substrate was present as an emulsion 
If the enz5mie responsible for TO hydrolysis can act, 
like other hpases, at oil-water interfaces, a simple 
relation between substrate concentration and rate 
of hydrolysis cannot be expected 

Earpenmenta vntli ^nh^b^tor3 The hydrolysis of 
ACh, BCh, TA and TB is inhibited very strongly by 
both DFP and DDM, though m much lower concen- 
trations by the former We have detenmned the J50 
inhibitor concentrations and the ratio for these 
substrates by a method which gives an estimate of 
the probable ranges of their values 

The principle is as foUows If an assumption is made as 
to the form of the relationship between the percentage 
inhibition 1 and the inhibitor concentration I, suitable 
transformations of the variables t and I into other variables 
X and y wiU give a hnear relation between x and y The line 
of best fit for the expemnental values for x and y may now 
be computed. From this may be calculated the most 


V. P WHITTAICER 

probable value and the range of probable values ofy„, the 
value of y corresponding to the value winch i assumes 
at 50% inhibition Suitable combinations of these 
values for the tuo inhibitors lead to estimates of thomorf 
probable value and the range of probable values of the 
ratio “ 

The simplest relation between » and I which appeared to 
fit the data is given by the expression 

hi 


Tins relation, although advanced empincally, can be de 
nred theoretically by making certain assumptions, the 
chief of which is that the enzyme E and mhibitor I form 
a single dissociable complex El which participates m the 


Tlie legitimacj of nppl3ing this oguihbnum to DDM and 
DFP IS considered in the discussion 
If, in equation (I), 1 is put equal to 1/z and I to 1/y, the 
expression is transformed into the hnear relation 


y^hx-a 


( 2 ) 


The best estimates of h and o may then be calculated by 
standard statistical procedure, and from them the most 
probable value of (the value of y for which x—lj&O), 
together vnth its standard error s, can readily be obtamed 

The best cstimato of the /jo ratio (DD3^FP) is j/ja/y'eo* 
whore the pnmed symbol refers to DDM and the unpnmed 
to DFP, the probable range of estimates of the Ijo ratio can 
bo obtamed os follows 

The upper and lower limits of the range of Pjj values 
outside winch only 20% of estimates may be eicpeoted to 
ho 18 given by yso±t'5» where t is the appropriate value of 
Student’s ratio corresponding to P=0 2 Thus, the pro 
babiht3 of obtaining an Jjo ratio in which both numerator 
and dononiinator lio outside the 20% probability Iim a is 
(0 2)% and there are four such ranges of ratio, the pro 
bahihty of occurrence of a value within any one ing 
0 2)V4, 1 e 0 01 

These four ranges of the ratio are 


>(y'50+<V)’ 


(3) 


>(yw+<») 


( 2 ) 


<(yto-^) 


(4) 


>(ytD+^) 

<(y'«-t'«') 


speotion shows that (I) m the lowest range ^thin winch 
ly 1% of estimates is likely to fall, (4) is fre 

rLst range The hmits outside which only 2 A of values 

» __ ” ■. i-j 4-^ +.npirpitnre 




and 


y5o+^ 

y'Bo 


ges (2) and (3) lying between these lumts 

Ls treatment is based on the 

estimates are statistically independent, ^ 

method overestimates the probable range of values ot 

/jo ratih 

hg 1 shows typical reciprocal plots for the m- 
Ln of BCh by DDM and DFP, the complete 
a are presented m Table 3 All determinations 
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giving an average inlubition less than 16 % have been 
excluded from the calculations, smce it was found 
that inhibitions of these low values were not repro- 
ducible Table 4 shows the most probable values 
for the vanouB substrates and inlnbitors, their 
standard errors and the correspondmg /jo values, 
and Table 6 shows the most probable values for the 
J50 (DDM/DFP) ratios, and the upper and lower 
limits of each ratio outside which only 2% of 
estimates would be expected to fall It will be noted 
m Table 6 that the values for the ■^60 ratios for all 
substrates he close together, any variation bemg well 
within the range of possible variation of any one 
substrate On the other hand, as is shown m Table 4, 
the results for the values given by either inhibitor 
vary considerably from substrate to substrate 

In contrast to the behaviour of the substrates so 
far mentioned, the triolem hydrolysis was unm- 
hibited by both DFP and DDM, even in the lughest 
concentrations used, 3 8 x 10“*M and 1 75 x 10~®M 
respectively 

Certam anomahes were noted at high DFP con- 
centrations Concentrations which were consider- 
ably m excess of those required to produce a 
practically complete inhibition of ACh hydrolysis 
failed to do so with the aliphatic substrates, at any 
rate durmg the first 10 mm of the measurements, 
1 © until after about 36 mm after mixin g enzyme 



Om Ml (KM 

Redprocal of percenia^e Inhibition b/ OfP 


Rg 1 The inhibition by DFP and DDM of the hydrolysis 
of 0 006M-benzoylchoIme by human plasma (0 2/3 1 ^ ) 
Ordinates reciprocal of inhibitor concentrations, 
abscissae reciprocal of percentage inhibition. The 
straight hnes are the regressions of y on a; Circles 
experiments with DFP, black circles denoting two com- 
cident pomte, squares experiments with DDM. (DFP = 
ditaopropyl fluorophosphate, DDM=:di-{2-chIoroethyl- 
methylamme ) 
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Table 4 values for DDM and DFP 


(Units 1/50 values, DFP senes, m-‘ x 10-’, 


DDAI series, m-» y 10-’, /„ % allies, DFP senes, ji x 10’, DDM 


senes, 11 x 10' ) 



No of 


Stnndnrd 

Substrate 

obser 


error 

X ntions 

Vio 

(») 

ACh 

10 

34 85 

1 808 

BCh 

15 

41 47 

3 345 

TB 

12 

50 50 

1 700 

TA 

8 

30 42 

4 090 

ACh 

in 

15 31 

3 204 

BCh 

11 

17 41 

1 194 

TB 

15 

20 07 

1 321 

TA 

12 

12 48 

1 803 




/jo values and hmits outside which 



less than 20% of estimates would 

itangc ot yjo 
for which P=0 2 


bo expected to fall 

K 


r“ 



Most 



Viti ~ 

Upper 

probable 

Lovrer 

DFP 





37 50 

32 20 

3 11 

2 87 

2 67 

45 90 

30 95 

2 71 

2 41 

218 

52 84 

48 10 

2 08 

1 08 

1 89 

37 00 

23 78 

4 21 

3 29 

2 70 

DDJI 





19 00 

10 90 

9 12 

6 63 

6-09 

19 00 

15 70 

0 34 

6 74 

624 

25 15 

10 19 

0 18 

4 83 

3 98 

14 95 

10 01 

0 99 

8 01 

6 69 


Table 5 (DDM DFP) ratios for ACh, 
DCh, TB and TA 

Most probable Miluc of /jj ratio ( / lO"’) 
and limits outside winch less than 
2% of estimates nould be expected to fall 


Substrate 

Upper 

limit 

Jlost jirobable 
value 

Lower 

limit 

ACh 

3 42 

2 28 

1 04 

BCh 

2 92 

2 38 

1 94 

TB 

3 20 

244 

1 91 

TA 

3 70 

244 

1 59 


and inhibitor This is illustrated in Table 0, in w Inch 
the mlnbition produced bj’^ 10 “’m-DFP on TB and 
TA hydrolysis is compared during an initial 10 mm 
period and durmg a subsequent 20 mm period with 
the inhibition of ACh hydrolysis It xnll be seen that 
the mlnbition by DFP is by no meons complete xntli 
the aliphatic substrates, though 10 -®m-DFP xvould 
probably have been sufficient to produce prompt and 
complete inhibition of ACh hydrolysis 

The time course of this inhibition of the aliphatic 
substrates closely parallels the time course of the TO 
esterase activity and suggests that the triolem 
enzyme may be responsible for the small amount of 
all-esterase activity which escapes inhibition 

Summation experiments Havmg concluded from 
our determmations of the -^fiO ratios that one enzyme 
IS mainly responsible for the hydrolysis of both 
ahphatic and ohohne esters, we sought confirmatory 
evidence by means of summation experiments 
A consideration of the kmetics of enzyme reactions 
with mixed substrates leads to the foUowmg con- 
clusion If two enzymes are present, each specific for 
one substrate, the rate of reaction of the mixed 
substrates will be equal to the sum of the rates of the 
separate reactions, provided neither substrate acts 
as an inhibitor of the other’s enzyme With a smgle 


non-specific onzjme, how ever, the rate of reaction of 
the mixed substrates will m no case exceed the 
greater of the rates of the separate reactions 


Table 0 Effect of 10-’m DFP on plasma esterase 


(a =0-10 mm , 6 = 10-30 mm ) 


Actmtj 

(/il COj/ml plasma) 


' 

A 

( 0 ) 

(b) 

A 

Inhibition (%) 

A 

t \ 

Control Inhibited 

{ » 
Control Inhibited 

ACh (0 02 m) 

(«) 

(h) 

403 

11 

628 3 

97 6 

99 5 

607 

06 

973 8 

100 

99 

460 

0 

OOO 8 

100 

99 

405 

5 

845 2 

TB (0 iM) 

09 

99 6 

113 

13 

352 11 

88 

97 

210 

20 

416 11 

88 

97 

200 

10 6 

460 14 

95 

97 

270 

22 

400 13 

TA (0 iM) 

88 

97 

08 

20 

148 10 

71 

93 

71 

22 

167 1 

69 

99 


Table 7 shows the results of summation expen- 
lents carried out with ACh and TB, BCh and TB, 
nd BC hand TA Columns 3 and 4 give the rates ot 
szymic hydrolysis of ACh, BCh, TB and TA 
ilumn 6 that of the mixed substrates, AOh+lti, 

Ch-l-TB or BCh-fTA It wiU be seen that m each 
ise the rate of hydrolysis of the mixedsubstote is 
most equal to the greater of the rates 
• the smgle substrates, and is very much below the 

mofthese rates (column 6) These results confirm, 
erefore, the mterpretation placed 
the inhibitor experiments, namely, 0 

berase and cholmesterase activities of human 
isma are mamly due to a smgle enzyme 
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Table 7 A companson between the rates of hydrolysis of mixed aliphatic and choline ester substrates 

and those of the esters alone 

(Concentration of plasma TB experiments, 0 2 ml /3 ml , TA experiments, 0 6 ml /3 ml ) 


Concentration (m) Rate of hydrolysis (pi COj/30 min. ) 


Chohne 

ester 

\ 

Ahphatic 

ester 

Cholme ester 
(a) 

Ahphatic ester 

(b) 

Mixed esters 

(c) 

{a+b) 

\ 

c less a orb 

0 006 

01 

232 

ACh-t-TB 

165 

246 

387 

14 

0 015 

0 1 

259 

137 

276 

396 

16 

0 03 

0 1 

268 

142 

288 

410 

20 

0 03 

0 1 

299 

156 

317 

464 

18 

0 03 

01 

314 

147 

319 

461 

6 

0 03 

0 1 

282 

136 

296 

418 

14 

0 03 

0 1 

288 

148 

300 

436 

12 

0 006 

0 1 

111 

BCh+TB 

129 

144 

240 

16 

0 016 

0 1 

130 

163 

176 

283 

22 

0 03 

0 1 

126 

140 

147 

265 

7 ' 

0 03 

0 1 

312 

BCh+TA 

161 

337 

463 

26 

0 03 

01 

318 

139 

345 

467 

27 


It will be noted, however, that the values obtained 
for the rate of hydrolysis of the mixed substrates are 
Bhghtly, but consistently, greater than the corre- 
sponding values for the greater of the rates of the 
smgle substrates * The difference is recorded m the 
last colu mn and mdicates a small degree of positive 
summation It suggests that at least 10 % of the 
tnbutyrm esterase activity of the plasma and 17% 
of the tnacetm activity is due to a second enz3rme, 
and taken m conjunction with the low, but repro- 
ducible, activity of plasma towards triolem, and with 
the inhibition experiments with 10 “'^m:-DFP, imphes 
that the DFP-msensitive tnolem esterase contri- 
butes to the total TB and TA esterase activity of 
plasma 

Purther support for this view was obtamed m 
summation experiments with tnbutyrm and tnolem 
lu the presence of a concentration of DFP sufficient 
to inlubit the DFP-sensitive esterase Tlie results 
forded m Table 8 show that the DFP -insensitive 
u drolysis of TB and TO is not additive, the sum of 
0 rates of hydrolysis of TB and TO alone bemg 
niuch greater than the rate of hydrolj’sis of the mixed 
au strates The presence of a small variable positive 
summation may be due partly to the difficulty of 
inning accurate measurements witli these low rates 
0 0. evolution, and partly to the impossibihty of 

owmg the exact concentration of DFP required 
o produce complete inhibition of the one enzyme 
" " Jcanng the other unaffected 

, flic effect is not obtamed unless reeently purified 
, esters are used The sigiuficanee of this is not clear, 

esters contain an mlubitorv substance as 
noted bj Mendel & Rudnei (1943) 


Table 8 A companson, in the presence of 10~^m- 
DFP, of the hydrolysis of a mixture of TB and TO 
with that of each substrate alone 

(Concentration of substrates, 0 1 m) 


Rate of hydrolysis (pi COj/ioL plasma/fiO mm ) 

A- 

I \ 


TB 

TO 

Mixed 


(a) 

(b) 

substrates 

{a+b) 

64 

61 

60 

105 

62 

70 

73 

122 

48 

62 

84 

110 

32 

53 

66 

85 


The conclusion is thus strengthened that there 
exists m human plasma a small amount of a DFP- 
msensitive hpase-hke enzyme which contributes to 
the total ahphatic esterase activity of the plasma 

Experiments with punfied plasma esterase 

Havmg demonstrated m our experiments with 
impurified plasma that a DFP-msensitive hpase-hke 
enzyme contributes significantly to its total ahphatic 
esterase aetimty, we next attempted to remove it by 
purification procedures The method finally em- 
ployed was ammomum sulphate fii^ctionation at 
pH 6 

Procedure. All operations were earned out at 0±2'’ to 
avoid the otherwise rapid mactivation of the preparations 

Sulphate and protem (as dry wt ) m active Actions were 
determmed as follows The fraction (0 5 ml ) was pipetted 
mto 15% (w/v) trichloroacetic aad and the mixture just 
brought to the hod. The protem precipitate was removed 
by filtration through paper and washed, the sulphate m the 
filtrate and washings was then determmed gravimetncally 

52 
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D H ADAMS AND V P MTUTTAKER 


ns 3nS04 Tlio protein 2’rccipitntc uns -wnahctl off tlio 
paper into tlio cniciblo on top of the BnSOj, the ^^holo 
being redned and ren ciglied (MJ4)iSO« concentrations nro 
recorded ns percentages of the conccntrniion of tbo 
saturated solution at O'" (50 % m/\ ) The progress of the 
purification vras checked by determining actn 1I3 /mg pro 
fein (drj' u-t ) A tJTUcnl preparation uns ns follows 

Fresh human plasma (200 ml) uas brought to 00% 
saturation by the addition dunng 2 hr of an equal \ol of 
saturated (NH4)2S04 solution followed during a further hour 
bj' 21 g of solid (NH«)iSO« After standing o\ cmight, the 
inactive precipitate was remoicd b\ centrifuging The 
supernatant liquid was brought to 71% saturation by the 
slow addition of a further quantity of solid (NIl4).S04 and 
the mivtiiro again allowed to stand o^ cmight A second 
precipitate, containing most of the enrymic actnity, was 
collected by centnfuging and dissohed in glass distilled 
water to 100 ml After dctermimng the concentration of 
(NH4);S04 already present, more solid salt was gradually 
added to gi\o 70% saturation After 4 hr the precipitate 
was collected and rcdissolicd in water (CO ml ) This pro 
coduro was repeated twice, the fraction appeanng between 
05 and 09 5% saturation being collected in the first re 
precipitation and that between GO 5 and 09 5 % in the 
second The final preparation was taken up m water 
(30 ml ), (NH4).S04 removed bj dialysis and sufficient bicar- 
bonate added to giv 0 0 2% concentration 

Of tlie onginnl nctmty' 25-30% w ns present m tho 
purified preparation, which had o chohnesteraso 
Bcbivity/rag protein (dry'- weight) 10-20 times that 
of the original plasma, and a negligible tnolem 
esterase actmtj' Precipitation of tho active 
fraction between 00 6 and 09 6 % saturation, 1 0 
between tho globulin and albumin fractions, accords 
with Valilquist’s (1935) catapboresis experiments 

JnJnbihon experiments Table 9 shows tho effect of 
10"^si-DFP on tho acetylcholine and tnbutyrm 
hy'drolysis by apurified plasma esterase preparation 
‘riie results obtained wuth on unpunfied portion of 
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tho same plasma are included for corapanson It 
wull bo seen thatj whereas m tlie unpurified plasma 
(ns m tho more extended ex-penments of Table 6) the 
inhibitory effect of 10 -’m-DPP on the TB esterase 
activity 18 somewhat Jess than that on the ACh 
estoraso activity' during the first lOnun penod.with 
tho purified preparation, m wdiich there is no tnolem 
activity, tho inhibition with both substrates is the 
same and essentially complete 

Summation experiments The removal of the tri- 
olein ostoraso from plasma is also associated with the 
disappearance of the small degree of positive sum- 
mation noted in a prov lous section when the rate of 

Table 10 Summation experiments mth aliphatic 
and choline esters 

(Conccntmtion of substrates ACh and BCh, 0 03m, 
TB and TA, 0 Iw ) 

COj evolution (/il /30 min ) 

e— ' 

(a) [b] (c) 

Chdhno Aliphatic IMixed 

ester ester esters (c-a) 

ACh +TB, unpunfied plasma (0 18 ml /3 ml ) 

282 136 296 +14 

288 148 300 +12 

ACh+TB, punfied traction from same plasma 
(0 15 ml /3 ml ) 


276 

126 

276 

0 

272 

120 

271 

— 1 

277 

132 

276 

- 2 

BCh+TA, 

unpunfied 

plasma (0 6 ml /3 ml ) 

312 

151 

337 

+25 

318 

139 

345 

+ 27 

BCh+TA 

, punfied plasma (O'S ml 

/3 ml ) 

317 

111 

313 

— 4: 

316 

105 

306 

-10 

328 

109 

320 

- 8 


Table 9 A comparison, with unpunfied and punfied plasma esterases, of the inhibUory effect 

of 10 -’’ k-DFP on TB and ACh hydrolysis 


r- 


Control 


450 

466 


200 

270 


365 

505 


186 

240 


Enzyme activity (pi CO.) 

V 


0-10 mm 

» , 

Inhibited 


0 

6 

11 


10-30 mm 

f 

Control Inhibited 

A Unpunfied plasma (fd /ml ) 
ACh (0 02 m) 

900 S 

846 2 

TB{01M) 

460 14 

400 13 


1 6 
2 

1 

4 


B Punfied plasma (pi /ml eqmv ) 
ACh (0 02m) 

796 6 

860 3 6 

TB (0 iM) 

325 6 

400 4 


Inhibition (%) 

/ — - > 

O-IO mm 10-30 mm 


100 

99 


99 

100 


95 

88 


97 

97 


09 5 
99 6 


99 
99 5 


100 
98 5 


98 

99 
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different estimations, Tvithont hydrolysis and after hydro 
lysis mth N HCl, s-NaOH and lOs-NaOH mth addition of 
urea 

To develop the colonr in each solution the pH was ad- 
justed to 6 6 with KHjPO* and NaOH using hromooresol 
purple as external indicator 4 and 8 ml , respectively, of 
these solutions were used, the former hemg made up to 8 ml 
with water, the solutions were heated to 76-80° and 0 8 ml 
of freshly prepared CNBr was then added m a test tube 
graduated at 10 ml , the solution was heated to 76-80° for 
another 6 mm After cooling to room temperature the 
volume was made up to 10 ml with water and 0 4 g p- 
methylammophenol sulphate (metol) was added and 
allowed to dissolve completely Blanks were developed 
simultaneously by adding to similar volumes of urme 
0 16 ml N HjSOj instead of the metoL Standards were 
made from solutions containmg 2 and 4 pg /ml , respectively 
of mcotimc acid After 1 hr m the dark the concentration 
was measured by comparing the extmotion with that of the 
standard m a Bausch and Lomh ‘Colorimeter’ used as a 
photometer with a Wratten filter no 39 

On an eqmmoleoular basis, mcotmauude {Nam) gave 
60% of the extmction given by mootmio acid [Nac) 
before and 100 % after hydrolysis with n-HCI or nr-NaOH 
Nicotmunc acid {Nur) gave values of 30 % before hydrolysis 
and no morease after hydrolyms with N HCl, but 100% 
after hydrolysis with N NaOH TngoneUme (Tng) and 
mcotinamide methochlonde (NM) gave no coloured com- 
pounds before or after hydrolysis with K acid, N NaOH or 
IOn NaOH. After hydrolysis with lOK-NaOH, m the 
presence of urea, a colour equivalent to 63% of that of 
mcotimc acid was obtamed 

Calculation of the concentrations of the different meta- 
bohtes was earned out as follows If the value obtamed 
before hydrolysis is called A, that after hydrolysis with acid 
that after hydrolysis with n NaOH C, and that after 
hydrolysis with lOir-NaOH m the presence of urea D, then 
these equations follow from the figures given above 

A =1 Aar +0 6 Aow + 0 3 Nur, 

S = l Nac + 1 Nam +03 Nw, 

C = 1 Nac + 1 Nam + 1 Nur, 

D^lNac + l Nam+1 Aw + 0 63 (Tmg+NM), 
Nam=2{B~A), 

> C-B 

Avrz= 

07 ’ 


Aoe=(7 


2(B-A)- 


C-B 
07 ’ 


Tng + NM^^JlS 
0 03 ’ 

^ d^ estimated sepamtelj'' by 


a method described later. 


Tng^ 


D~C 

- A -1/ (m terms of Nac) 


. 1 *^ 'aluos are obtained in terms of mcotimc acid, the 
bolT^ ' multiphed by the mol ivt of the meta- 

tai divided bv that of mcotimo acid The values oh 

Mrm of pg /ml are multiphed by the 

c volume to obtam the value of the 24 hr ehmmation 
rcco error of the method, as estimated from 

,j, of the metabolites added to urme, is 

‘c region of 2 : 10 %, when all metabolites are present. 


when only mcotimc acid and mcotmamide have to be 
estimated, the maximum error found was less than ±6% 
The smallest concentration which can he estimated by this 
method is 0 8pg /ml 

NvMhnainxde Tnethochlonde was estimated by a modifica 
tion of the acetone method of Huff & Perlzweig (1947), 
smee non fiuoresoent KCl was unobtainable and the method 
of Coulson et al (1944) could thus not be ttsed The pro- 
cedure differed from that described by Huff & Perlzweig in 
one respect the fluorescence was compared visually with 
that of standards prepared from synthetic mcotmamide 
methochlonde in a similar manner Recovenes of 96-106 % 
were obtamed with added mcotmaimde methochlonde 
Filter paper was chosen which neither adsorbed mcotm 
armde methochlonde nor released fluorescent pigments, the 
charcoal used adsorbed mterfenng pigments, but not mco 
tmamide methochlonde Acetone was fireed from fluorescent 
pigments by distillation over KMnO* The maximum error 
was about ±6 % The range of the method was found to be 
0 01-1 0 pg /ml Unnes contauung higher concentrations 
were diluted before the estimation All analyses were 
earned out m dupheate Negative or dubious results oh- 
tamed with the Kbnig reaction were checked microbio 
logically with the method of Barton- Wnght (1944) usmg 
Lactobacillus arabinasua The presence of the coenzymes 
which give a positive reaction with the acetone method was 
checked microbiologioaUy by the method of Pittman & 
Fraser (1940) usmg Haemophilus parainfluenzae (National 
Collection of Type Cultures, no 4101) 

RESULTS 

Man In man (Table 2o) mcotmamide metho- 
chloride is the mam end product of mcotmamide 
metabolism fonnmg on the average 712 %, -whilst 
mcotmaimde represents 24 2 % and mcotmic acid 
4 6 % of the output These values may be compared 
with those of J ohnson et al (1946), who found, how- 
ever, absolute values for mcotmamide metho- 
chloride (average 18 7 mg ) far higher than either 
those found m the present work or any values 
published by pre-vious mvestigators (Elhnger & 
Coulson, 1944, Ellmger, Benesch & Hiardwick, 1945, 
Hochberg, Melmck & Oser, 1945, Ellmger & 
Hard-wick, 1947) Ingested mcotmic acid (Table 2b) 
IS amida-ted and nikethamide is de-ethylated In all 
cases mcotmamide methochlonde forms the mam 
metabohte After subcutaneous admmistration the 
ehmmation is greater than after oral administration, 
m agreement -with the findmgs of EUmger & Hard- 
wick (1947) The total recovery of the mgested com- 
pounds 18 much lower than m any other mammal 
exammed Tins might be due to the fact that part of 
the methj lated compound is immediately oxidized 
to the correspondmg pjTidone (Rosen, Perlzweig & 
Handler, 1948) and not determmed by the methods 
of assay used It might also be due to a relatively 
low saturation state of the subject exammed, mdi- 
cated by the considerable rise m output of the three 
metabohtes m the course of administration of mco- 
tmamide deruati\es Similar observations have 
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No 

If 

mt 

Rl§ 

2 

3 

4 
/> 

G 

7 

5 

9 


Se\ 

<? 

o' 

c? 

$ 

9 

$ 

o' 

o' 

$ 

c? 

o" 


Aicrage 


Tftblo 2o 
Subject 


Daily climinatwn of mcolmamidc derivatives by man 

Me<nbolifc3 ehminntcd (mg /24 hr ) 


Age 

Wt 

/ 

Nicotinic 

(VT) 

(f<e) 

Nicotinamide 

acid 

27 

so 

2 000 

0 810 

27 

so 

1 342 

0 300 

27 

so 

3 022 

I 233 

01 

so 

3 320 

0 080 

19 

70 

I 400 

0 480 

19 

06 

2 180 

0 370 

47 

07 

1 980 

0215 

22 

70 

I 690 

0 204 

25 

68 

1 176 

0 190 

63 

04 

2 640 

0 146 

00 

OS 

3 000 

0 440 



2132 

0 399 


Nicotinamido 

mothochlondo* 

8 030 - ) 

0 081 i 

11 420 J 

0100 

9 300 
9 440 

12 040 
12 480 
10 840 

0 050 

6 040 
8 804 


Remarks 

No smoking, no coffee 
No smokmg, coffee 

No smokmg, no coffee 

Balanced diabetic, no 
smoking, no Coffee 


Ncitlicr trigonelline nor nicotinnnc acid Mere eliminated 
Absolute, not in terms of nicotinic acid 

t A\cmge of dailv outp^ut estimated on 22 control dn 38 spread o\cr the whole penod 
+ A^cmgc of 3 da'vs Iiefore the first injection 
? Average of 3 dnvs, 14 davs after last injection 
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Table 2b Tiesponse to cxlradictary nicotinamide derivatives by man (subject no 1) 


Jlctabolites ehmmated (% of mgested)* 


Compound 

Dose 


Nicotm 

Nicotinic 

Nicobnsmide 


administered 

(mg) 

Route 

amide 

acid 

methochlonde 

Total 

Nicotinamide 

100 

Oral 

0 

0 

18 9 [3] 

18 9 



Subcutaneous 

1 8 

0 

24 9 [3] 

26 7 

Nicotinic acid 

100 

Oral 

23 

08 

16 6 [2] 

19 6 



Subcutaneous 

2 1 

09 

21 1 [2] 

241 

Nicotmdiethjdnmidc 

100 

Oral 

02 

0 

5 8 [2] 

12 0 



Subcutaneous 

03 

0 

15 5 [2] 

21 8 


[ ] indicates time in daj's o\ er w Inch elimination occurred 

* Note Dose of adraimstered compound is in terms of nicotinic acid The response (percentage of ingested), also m terms 
of nicotmic acid, is calculated ns 

(output until predosing lev el is reached) - (average predosing output x days of increased output) ^ 

dose admimstered 

Neither tngonelbne nor nicotmunc acid was ehmmated 

been made by Ellinger N Hardwick (1947) The 
smaller elimmation of metabolites after oral than 
after parenteral admmistration indicates destruc 
tion by tlie mtestmal flora which has been observed 
by Koser & Baird (1944), Benesch (1945), Ellinger & 

Emmanuelowa (1946), Ellmger (1947) and Ellinger, 

Abdel Kader & Emmanuelowa (1947) 

Dog In tins species (Table 3) mcotmamide and 
nicotmamide methochlonde are the only urmary 
metabolites , the relative proportion of the two com- 
pounds ehmmated differed considerably m the two 
animals exammed, but was fairly constant from day 
^ to day m the same animal The total ehmmation was 
high compared with that of other species After 
admmistration of mcotmamide and nikethamide 
(Table 4), the only metabohtes foimd were nicotm- 
amide and mcotmanude methochlonde, wliile after 
mcotmic acid mjection some unchanged mcotmic 


acid appeared m the urme This, and particularly the 
absence of nicotmunc acid, contradicts the findmgs 
of Ackermann (1913), Komon & Sendju (1926) and 
Sarett (1942) The last named found a recovery of 
76 % m the form of ‘ tngonellme ’ and 26 % m that of 
nicotmunc acid When Ackermann’s (1913) experi- 
ment was repeated, neither dog ehmmated either 
trigoneUme or mcotmunc acid Dogs gave a much 
higher response to mjeoted compounds than man 
The relatively greater elimination of the methylated 
product with smaller than with larger doses suggests 
that the methylatmg mechanism is the hmitmg 
factor The relative proportion of the methylated to 
the unmethylated metabohtes is considerably greater 
after admmistration of mcotmamide and mketh- 
amide than after that of mcotmic acid Tlie relative 
total response is greater after small than after big 
doses 
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Table 3 Average daily urinary elimination of nieotinamide derivatives by various mammalian species 

Metabolites eliminated 



(Averages, hmitmg values m 
(mg /day) 

parentheses) 


( 

Nicotmic 

\ 

Nicotmamide 

Species 

Nicotinamide 

acid 

methochlonde 

Dog 

4 590 

(3 480-6 720) 

0 

6 370 

(1 000-10 260) 

Cat 

Eat (albmo) 

0 

0 

0 290 

(0 070-0 400) 

Adult 

0 080 

(0 054-0 130) 

0 

0 100 

(0 030-0 260) 

Young 

0 036 

0 

0 292 

Rat (hooded) 

Adult 

0140 

(0 100-0 170) 

0 

0 960 

(0 460-1 700) 

Young 

0 0214 

0 

0160 

Rabbit 
(On cabbage) 

0 

0 880 

(0 600-1 360) 

0* 

(On oats) 

0 

1 190 

(1 010-1 640) 

0* 

Gumea pig 

0 

0 

0* 

Neither tngoneUme nor nicotmunc acid were eliminated 



* Indicates a small positive reaction with the acetone, but none with the K6nig (1904) method 


Table 4 Average response to extradietary nicotinamide derivatives by dogs 

Metabolites elnmnated (% of mgested)* 


Compound 

Dose* 


Nicotuuc 

Nicotinamide 


admmistered 

(mg ) 

Nicotmamide 

acid 

methochlonde 

Total 

Nicotmamide 

200 

31 7 [2] 

0 

SO 1 [2] 

81 8 


600 

43 0 [2] 

0 

31 8 [3] 

74 6 

Nicotmic acid 

200 

48 8 

13 1 

31 6 [2] 

93 5 


600 

49 0 [2] 

16 7 

21 6 [2] 

87 2 


9000t 

10 0 

49 4 

66 

66 0 

Nicotmdiethylamide 

100 

435 

0 

62 1 [2] 

95 6 

Nicotmunc acid 

07 7 

314 

41 8 

18 1 [2] 

912 


[ ] indicates time m days over which ehmination occurred, if more than one 
Neither tngoneUme nor mcotinunc acid were ehminated 
* See note to Table 2 6 
t Orally within 6 days 


Table 6 Average response to cxtradictary nicotinamide derivatives by cats 


Compound 

administered 

Nicotinamide 


Nicotinic acid 
Nicotmdiethjlamide 


Metabolites elimmated (% of ingested)* 


Dose* 


Nicotmic 

Nicotinamide 

(mg ) 

Nicotinamide 

acid 

methochlonde 

40 

346 

0 

28 3 [3] 

80 

37 0 [2] 

0 

20 4 [2] 

200 

47 0 [2] 

0 

34 1 [4] 

40 

12 8 

10 5 

24 1 [2] 

100 

24 1 [2] 

29 0 

18 7 [3] 

40 

190 

0 

16 1 [2] 


n indicates time in da^s o\er -nhich elimination occurred, if more than one 
Acithcr tngonelline nore mcotinunc acid were eliminated 
* Sec note to Table 26 


biochcm 1940, 44 


-> 


Total 

63 3 
68 0 
81 1 

47 4 
71 8 

35 0 


6 
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Cats normally elimmate small amoimts of mcotm- 
amxde methocliloride only (Table 3) Nicotmamido 
and mcotmarmde metliochlondo -wore elimmatod 
after admimstration of mcotmamido and mkoth- 
armde and m addition some nicotinic acid -when this 
compound was given (Table 6) As m dogs, tho 
relative proportion of motliylated to unmothj'latod 
metabolites decreases with rising doses Tho total 
response was lower than m dogs 
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similor to those observed by Huff & Perlzweig (1942), 
though the experiments were not directly compar 
able Nicotinuric acid was found to be split as 
observed by Huff & Perlzweig (1942), but not so 
completely as by dogs Nicotmamide methochlonde 
was eliminated unchanged but only to the extent of 
03 %, confirming the findings of Elbnger (1947), 
Ellmgor & Coulson (1944) and Perlzweig & Huff 
(1 945) m man The effect of methionine odimnistered. 


Table 6 Ecsjjoiisc to cxlrad-ictary mcohnaimdc derivatives by two strains oj rats 


Compound 

administered 


Nicotmamido 


Nicotmio acid 


Nicotmdiothylamido 


Niootinamido 

mothoohlondo 

Nicofcinimo acid 


Nicotinamide 


Nicotmio acid 


Nicotmdiethylanudo 

Nicotmamido 

methochlonde 

Nicotmuno acid 


Do<!0* 

(mg) 

20 

20 ( +30 nL-motliioninc) 
'50 

20 

20 ( + 30 DL methionine) 
50 

20 

20 ( + 30 DL-molhionino) 
GO 

17 5 
33 9 
20 

20 (+30 Di+mothionino) 
60 

20 

20 ( +30 DL mothionme) 
60 

20 

60 

17 5 
33 9 


Melnboliteg Dlinimated (% of ingested)* 


t 

Nicotmio 

Nicotinamide 

Nicotmuno 


Nicotinamide 

acid 

methochlonde 

acid 

Total 

Albino 

23 7 

0 

93 

0 

33 0 

19 2 

0 

12 6 

0 

31 7 

31 0 

0 

16 0 [2] 

0 

46 6 

23 8 

20 9 

1 8 

0 

62 5 

20 4 

49 6 

10 [2] 

0 

70 9 

31 9 [2] 

36 4 

10 [2] 

0 

68 3 

36 7 

0 

0 8 [2] 

0 

46 5 

48 0 

0 

4 9 [2] 

0 

62 9 

38 8 [2] 

0 

3 4 [2] 

0 

422 

0 

0 

710 

0 

710 

13 0 

21 

3 2 [2] 

72 8 

910 

Hooded 

16 0 

0 

29 7 

0 

- 447 

10 6 

0 

69 7 

0 

76 2 

19 2 

0 

61 6 [2] 

0 

80 8 

241 

27 7 

ICO 

0 

67 8 

20 0 

37 8 

8 9 [2] 

0 

72 7 

26 4 

19 4 

67 

0 

60 5 

30 0 

0 

33 4 [2] 

0 

69 4 

34 4 [2] 

0 

13 7 [2] 

0 

48 1 

0 

0 

63 2 

0 

63 2 

114 

20 

31 [2] 

62 2 

79 6 


[ ] mdioates time in days over which ehmmation ooourred, if more than one 
No tngonelhne was ehnunated 
* See note to Table 2 b 


Bat The two strains of rat exammed differed 
mainly m the efficieney of the methylatmg mech- 
anism Rats, hke dogs, ehmmated only mcotmamide 

and mcotmarmde methochlonde (Table 3) The rela- 
tive proportion of the latter to the former was 1 26 m 
the albmo and 6 86 m the hooded stram Relative to 
weight the output is high compared with that of cats , 
for the albmo it was similar to that found by Huff & 
Perlzweig (1942) and for the hooded stram it was 
much higher Roth strains ehmmated mjected moo- 
tmamide and nikethamide as mcotmamide and 
mcotmamide methochlonde, when mcotimc acid 


was given it was eliminated partly unchanged 
(Table 6) The total response was greater m the 
hooded than m the albmo stram The values found 
for response to mcotmamide and mcotmio acid were 


igether with the mcotmamide derivatives on tlie 
irmation of mcotmamido methochlonde, was ir- 
jgular The ehmmation of mcotimc acid after ad 
umstration of mcotmic acid was always moreased 
ST sunultaneous administration of methionme 
ffien large doses (100 mg ) of mcotmamide were 
iimmstered the mcotmamide methochlonde out- 



,ion as shown for man by EUmger & Hardwek 
)47) In all cases the ehmmation “ 

ithochloride was far greater m the , 

, albmo strains On no occasion w^ mcotmamide 

^ated or mcotim'c acid formed from niketh- 

ade PL Methionme proved to 

)jo found was about 700 mg /kg The hooded rats 
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died earlier and were more strongly affected by 
sublethal doses than the albmo Macroscopic post- 
mortem exammation showed the kidneys congested 
with blood, confinnmg observations by Simmonds, 
Cohn & dn Vigneand (1947) 

Young rats (Table 3), like adults, ehmmatedmco- 
tinamide and mcotmamide methochloride but no 
mcotmic acid This conversion of mcotimc acid mto 
mcotmamide makes the observation of Handler & 
Dann (1942) that the growth of young rats is m- 
lubited by mcotmamide but not by mcotmic acid 
even less exphcable 
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tmaimde methochloride It is concluded, therefore, 
that a substance is present m the urme givmg the 
acetone but not the Komg reaction A test for co- 
enzymes which fulfils this condition gave negative 
results The possibihty has, therefore, to be con- - 
sidered that there is present an unknown factor 
which might be a metabohte of a mcotmamide de- 
rivative It will be extremely difficult to isolate or 
identify it smce it is present m mmute quantities 
and no way has been found to mcrease its ehmma- 
tion markedly It is possible that the which, 
according to Handler (1944), is el imi nated by young 


Table 7 Average response to exCradietary mcohnamtde derivatives by rabbits 

Metabohtes ehmmated (% of mgested)* 


C!ompound 

administered 

Dose* 

(mg) 

Nicotmamide 

Nicotmio 

aoid 

Tngonelhne 

Total 

Nicotmamide 

100 

Diet of cabbage 

29 

3 3 [2] 

6 1 [2] 

11 3 

200 

69 

14 6 [3] 

" 9 3 [3] 

30 6 


400 

76 

18 6 [3] 

9 4 [3] 

36 5 

Niootmic aoid 

100 

0 

36 6 [2] 

48 0 [2] 

83 6 

200 

0 

63 4 [2] 

33 9 [2] 

97 3 

Nicotmdiethylamide 

60 

1 6 

67 

33 

10 6t 

100 

92 

16 1 

64 

30 7t 


200 

49 

10 0 [2] 

7 0 [2] 

21 8t 


2 hourly doses of 100 

600 7 6 

21 7 [2] 

2 7 [2] 

30 9t 

Nicotmamide 

6 hourly doses of 100 

Diet of oats 

100 2 2 

3 6 [2] 

33 

9 6t 


200 

7 6 [2] 

13 0 [3] 

6 6 [3] 

27 Ot 

Nicotinic acid 

100 

0 

32 9 [2] 

64 8 [2] 

87 7 


200 

0 

62 4 [2] 

29 8 [2] 

82 2 


[ ] indicates time m days over which elmunation occurred, if more than one 
Neither mcotmamide methoohlonde nor mcotmimo acid were eliminated 
* See note to Table 2 6 

t Indicates that after injection of mcotmdiethylamide an unknown substance of high fluorescent efSciency was 
ehmmated mterfenng with the apphoation of the acetone method 
I Indicates that after injection of mcotmamide mto rabbits fed on oats and possibly after that of nicotmdiethylamide 
a_ substance was elunmated to a slightly moreased extent giving a positive reaction with the acetone but not with the 
Konig (1904) method 


Rabbits (Table 3) mdependently of the diet, 
cabbage or oats, normally only ehminated mcotmic 
acid In addition a substance was regularly ehmi- 
natod, and to a slightly mcreased extent after m- 
joction of mcotmarmde by rabbits fed on oats, which 
gai e a positive reaction by the acetone method for 
mcotmamide methocliloride The amount was very 
small, just witlun the limits of the method, but the 
substance appeared to be always present The 
Konig (1904) assay failed to show the presence of 
tngonoUine or mcotmatnide methochloride m the 
same urmes Tlus might be due to insufficient sensi- 
tmty of the Konig reaction, however, this is im- 
probable The concentrations found with the acetone 
method wore largo enough to gii e positive results 
wth the Konig method if the substance were mco- 


rabhits and gmnea pigs, but not mcreased after 
mcotmamide administration, and the mcotmamide 
methochloride found by Johnson et al (1947) m the 
urme of young calves, which also is not mcreased 
by administration of mcotmamide, is m fact this 
unknown substance 


Extradietary mcotmamide and nikethamide were 
found to be deammated to mcotmic acid which is 
methylated to tngonelhne (Table 7) This observa- 
tion contradicts the results of Komori & Sendju 
(1926) who, after feeding mcotmic acid to rabbits, 
isolated mcotmic acid and mcotmuric acid from 
the urme, but no trigonelhne The observation is also 
at vanance with the assumption of Huff & Perlzweig 
(1943 o) that rabbits are unable to carry" out this 
methylation The elmunation of known metabohtes 
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12. but»s ^^pfeSr^rz^dZlaLl.™ iz&'j^,iz'sz ‘'■° 'sr 

of mcotmio oo,d Xlio doommat.oo mffiht, l™d ,Z othonol r,L lt from hot 


. - — I'^tuvurninistrntion 

of mcotmio acid The deamination might load to n 
thorough disintegration of tlie pj^ichno nim The 
tyvB of diet seems to have verjf htfcle influence on the 
qualitative and quantitative elimination of mota- 
bohtes evcept for the increase m ‘psoudo-nicotm- 
amide methochloride ’ after administration of mco- 

^namido, ivlncli occurs only m rabbits fed on oats r ol’ "" absorptic 

The increased ehmmot.on of tr.so„oll,„TfX™„ «h,h„„,d.,.t2co„, J25 

nicotinic acid injection is relatively lueher after i.nfnf ^ ^ P 325° mth decomposition and snb 

sm IS exhaustible hjgroscop.c, colourless, tnms bro^ 

1 . ben exposed to «ir Mp 00 5°, if heated to 108 6°, it does 
not rcsohdifj on cooling, ultraviolet absorption in water 
distinct band at 380 mi^,E\z^=4 6, witb general ahsorp 


c^anol Tile main tluoresccnt matenoJ (C) dissolved m 
arotone vns brought to dryness by evaporation %n vacuo 
Ined m laaio over P,Oj and recrystaUizcd three times from’ 

Xerhof ’ 

Substance^ m p ICG 5-108 5°. ultraviolet absorption 
in water, no band between 200-380 mp., general absorption 

frnm 9 Qn 0^7/1^ xi. ^7 *> ^ I'v wix 


The unno passed bs rabbits after administration of 
nikethamido cxliibito v it bout anx treatment a strong 

pu^hsb blue fluorescence in the long ultra i ,olet u hich m , . - x cm. - 

creases in intensitx wtb nsing nikethamide administration 280to220mp , shou!derat205 mp =3 4and 

shout 10 hr after the in inf^icstions of a peak at 220 mp , E\'^^n 0 a cata- 


jccfion Some prelmiimirj data of the isolation and pro 
pcrties of the substance resiKwsible for tins fluorescence 
have been obtained The fluorescent substance is not ex 
tractable from nentrnl, acid or alkaline unne bj ctlnl 
nutate, benzene, isobutanol, light petroleum, cliloroforni or 
ether and is stable to hoihng tn neutral, acid or aiknbno 
solution It IS not adsorbed on dccalso or charcoal, but is 
adsorbed on Al-O, (Brockmann) from di^- ethanol solution 
Tor us isolation the unne nns acidified mth HCl, filtered 
through a deealso column, and shaken mtli charcoal to 
remove as manj of the other unne constituents ns possible 
The colourless flltrate nns c\ aporafed to drjmoss, extracted 
inth hot dry ethanol and filtered through an At.Oj column, 
the fluorescent matena! being completely adsorbed The 
column was thoroughlj washed wnth dry ethanol Two 
fluorescent zones w ere seen on the upper part of the column, 
a narrow one of purplish blue fluorescence on the extreme 
top and a xnder one of bnght blue fluorescence clearly 
separated from it farther down The top lajmr was cut off 
and both layers were eluted with 50% (v/v) ethanol for the 
top layer and 85% (v/v) ethanol for the otlier one Both 
eluates were evaporated to a small volume in vacm and 
treated with non fluorescent acetone In both eases part of 
the fluorescent matenal was precipitated and another part 
remained dissolved in acetone The precipitates from the 


* f — I cin> — * * 

p loretic experiment it formed a uniform band and moved 
slowlj to the anode It has not been possible so far to 
collect sufficient quantities of the fluorescent pigments for 
analj sis and estimation of the tool vrt 
Ivikefliamide is toxic to rabbits and larger doses have to 
be divided, the total amount which can be admimstered is, 
therefore, small Jforeover, the mechanism involved m the 
production of the fluorescent pigments seemed to be qmckJy 
cxhaustdl, the animals used have to rest for a considerable 
time before tbcj can be used ■ivith advantage for a second 
collection None of the substances seems to be identical 
with 1 methyl 2 (or C) pjTidone 3 carbondiethylamides, 
these diflcr from tlie pigments by their fluorescence and 
ultraMolct absorption Perhaps the pigments are den- 
\ ntives of a dihydropjTidine which, according to Warburg 

Chnstian (1930), has a band at 340 m/x 

Guinea pigs differed from all other species ex- 
amined by not eliminating any metabolite except 
‘pseudo-mcotmamidemethoeWonde’ (Table 3) and 
by not methylating any extradietary meotmamide 
denx’ative (Table 8) Slight mcrease of the ‘pseudo- 
mcotinamide metboohlonde ’ occurred after mcotm- 
armde and nikethamide, but not after nicotimc acid 
admmistration Nicotinamide was completely de- 


Table 8 Average response to cxtradietary nicotinamide derivatives by guinea pigs 

Metabohtes elumnated (% of ingested)* 


Compound 

Dose* 

t 

Nicotinic 

Nicotinamide 


admuuatered 

(mg) 

Nicotinamide 

acid 

metboohlonde 

Total 

Nicotmaimde 

100 

0 

32 4 

0* 

32 4 


200 

0 

24 2 [2] 

0*[2J 

242 


400 

0 

38 9 [2] 

o*m 

38 9 

Nicotinic acid 

100 

0 

60 5 [2] 

0 

605 


200 

0 

82 2 [2] 

0 

82 2 


400 

0 

66 7 [2J 

0 

60 7 

Nicotmdietbylamide 

25 

12 9 

12 7 

Ot 

26 0 


60 

10 3 

20 4 [2] 

Ot 

30 7 


[ ] indicates time m days over whioh ehmmation occurred, if more than one 
Neither tngoneUme nor nicotmunc acid were eliminated 
* See note to Table 2 b 

■f Ihchcates that after administration of meotmamide or mcotmdiethylamide a substance was ehmmated to a shgbtly 
moreasea extent giving a positive reaction with the acetone, but not with the Kbnig (1904) method 



Vol 44 NICOTINAMIDE 

aminated to mcotinic acid Of the ingested nicotin- 
nmide or nikethamide 25-38 % was elumnated and 
of the meotmic acid about 60—80 % 

DISCUSSION 

The most surprismg result is that the two compounds 
described by other authors (Acker manti , 19 13 , 
Komori & Sendju, 1926, Lmneweh & Remwem, 
19320, b, Mehuok et al 1940 and Perlzweig el al 
1940) as the metabohtes of mcotmic acid or mcotm- 
amide in dogs, men or rats, viz trigonellme and 
mcotmuric acid, are not elumnated by any of these 
species normally or after administration of the tested 
compounds It is easy to understand that authors 
usmg the Komg (1904) method for assay have de- 
scribed the occurrence of trigonellme m the urme 
before mcotmamide methochloride had been estab- 
lished as a metabolite The two compounds caimot 
be distmgmshed by the Komg method However, 
it has been claimed that these two substances can be 
isolated from urme and analyses for the compounds 
or derivatives have been given Ackermann (1913) 

« g analyzed the gold salt of a substance obtamed 
from urme of dogs after feedmg mcotmic acid for 
gold, carbon and hydrogen, but not for mtrogen, and 
claimed to have identified it as a salt of trigoneUuie 
Tlie theoretical values of gold, carbon and hydrogen 
are almost identical for the gold salts of trigonellme 
and mcotmamide methochloride, whde the mtrogen 
value of the latter is about twice that of the former 
The same omission explains the results of Komori & 
Sendju (1926) who only made an anal}rsi8 for gold 
The results of Lmneweh & Remwem (1932a, b), who 
have produced analytical values for carbon, hydro- 
gen and mtrogen m agreement with trigonellme 
itself for a substance isolated from human urme, are 
more difficult to explam This probably was pure 
mcotmamide methochloride With regard to mco- 
tmuric acid, Ackermann’s (1913) results on dogs 
are mexphcable smce mjected mcotmuric acid is 
completely split by the dog and ehmmated as mco- 
tinanude, mcotmic acid and mcotmamide metho- 
chlorido (Table 4) It cannot, therefore, be an end 
product of nicotimc acid metabolism m the dog This 
breakdown to mcotmamide, however, explains 
the anti blacktongue (Woollej , Strong, INIadden 
A EUehjom, 1938) and antipeUagra actmties 
(Ehehjem A Teplji-, 1943) of mcotmuric acid The 
findings of IMelmck ct al (1940) that man elimmates 
mcotmuric acid after ingestion of doses of 500 mg 
and more of nicotimc acid ha\ e not Ijeen tested It is 
probable that their method of assay is not suitable 
for separate determination of mcotmamide and 
mcotmuric acid 

The contradictory results of the mam m\estiga- 
tioiis are mainly due to the faults of the assay’- 
methods based on the Komg principle TJie condi- 
tions of In droh-sis are of great importance for a clean 
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separate detemunation of the metabohtes as well as 
for securmg low blanks Melmck et al (1940), 
Perlzweig et al (1940), Sarett et al (1942), Sarett 
(1942) and Huff & Perlzweig (1942) use for the hydro- 
lysis of mcotmarmde and mcotmuric acid N-hydro- 
chloric acid and 6N-hydrochloric acid respectively 
The latter produces strongly coloured hydrolysates 
and, consequently, such high blank values that 
correct absorption readmgs are almost impossible 
This can be avoided by usmg N-sodium hydroxide 
for the hydrolysis of mcotmuric acid Handier & 
Hald’s (1939) method for the removal of mterfermg 
pigments is satisfactory, while Wang & Kodicek’s 
(1943) method is tedious and results m a strong 
yeUow tmt mterfermg with the assay The modifica- 
tion of the method of Handier & Hald (1939) by 
Carter & O’Hnen (1946) with regard to pH and 
amount of metol is advantageous Hy systematic 
study of the effect of pH and amount of metol used 
on the reproducibdity and mtensity of colour, the 
method has been further improved Contrary to the 
findings of Handier & Hald (1939), exposure to day- 
hght, even direct sunhght,* does not mterfere -with 
the colour mtensity 

Considering the metabolism of mcotmamide de- 
rivatives, the mammahan species exammed so far 
can be classified mto two groups , man, dog, cat and 
rat which ammate mcotmic acid to mcotmamide, 
whilst rabbit and gmnea pig deammate mcotmamide 
to mcotmic acid Before drawmg any further con- 
clusions more species have to be exammed , but it is 
attractive to base on this and sunilar fundamental 
fimctions a classification of species on the basis of 
their biochemical properties It has already been 
mentioned that some mammalian species such as 
rabbit and horse do not methylate mcotmic acid or 
mcotmamide whdst other species do so Whether the 
type of diet (carnivore, ommvore or herbivore) is 
responsible for these differences is doubtful It 
cannot play any role m the process of methylation 
smce herbivores like rabbit and gmnea pig differ m 
tins respect The mechanisms of methylation and 
ammation of these compounds have been elucidated 
and theu sites located m the hver (Perlzweig, 
Bemlieun A Bemlieim, 1943) and kidney and bram 
(EUmger, 1946, 1948), .respectively It would be 
mterestmg to see whether the methylating enzyme 
is absent from gumea-pig liver and w’here and how 
the deammation occurs m rabbit and guinea, pig It 
is possible that ammatmg and deammatmg enzymes 
are present m both tjqies of species, the one bemg 
mlnbited m normal conditions m the Inmg ammal 
as has been shown for the sulphonamide acylatmg 
and deacylatmg enzjmes by Krebs, Sykes & 
Bartley (1947) The mstabihty of mcotmamide m 
rabbit and gmnea pig suggests that the mcotmamide 
moiety of the coenzjmes might be replaced by 
mcotimc acid m these species 
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Tlie metabolism of mkothamiclo paifcicularly m 
man, rabbit and guinea pig slious, ns alread 3 '- sug- 
gested by Ellingor ct al (1947), that this compound 
18 broken dou-n bj’^ do othjdation to nicotinamide 
follou od, in rabbit ond guinea pig, bj’’ deamination of 
tho latter compound 

STBIRIARY 

1 TJie metabolism of nicotmamido denvatn os m 
men, dogs, cats, rats, rabbits and gmnca pigs has 
been studied under normal conditions and after 
admmistration of nicotinamide, nicotinic acid, 
nikethamide and, in some matancos, of nicotinamide 
mothocliloride and mcotimuic ncid Tho metabolites 
tested for have been nicotinamide, nicotinic acid, 
nicotmuric acid, trigonelline and nicotinamide 
methochlondo 

2 Under normal conditions men eliminate nico- 
tmamide, nicotmic acid and mainly nicotinamide 
methochlondo, dogs and rats nicotinamide and nico- 
tmamido methochlondo, cats onlj' tho latter com- 
poimd, robbits nicotmic acid and giimoa pigs none of 
those compounds No nicotmuric acid or trigonelline 
was found m the urine Rabbits and guinea pigs, 
however, eliminate small amounts of an unloiown 
substance, gn mg a positive reaction b 3 ’ tho acetone 
method 

3 E'vtradiotnr 3 ’’ nicotinamide w as eliminated by 
men almost oxclusivol 3 '^ as nicotmamido motho- 
chlondo, b 3 ’^ dogs, cats and rats partly os nicotm- 
amide, partly as nicotinanudo mothocliloride, by 
rabbits as mcotmamide, nicotmic acid and trigonol- 
Imo and b 5 '’ gmnea pigs £i3 mcotmic acid , in tho last- 
named species tho unknowm compoimd givmg a 
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positive reaction ivith the acetone method tras 
slightly augmented 

4 Nicotmicacidwasehmmatedbymenmamlyas 

nicotmamido methochlonde and to a very small 
extent unchanged and as mcotmamide, by dogs, 
cats and rats m the form of all three metabohtes, by 
rabbits partly imchonged, partly as tngonellme and 
b 3 ' gumea pigs imclmnged 

6 Nikothamido is broken down to mcotmamide 
and nCcordmgl 3 ’- further metabolized by aU species 
In rabbits after the mjection of nikethamide, 
purplish blue fluorescent pigments occur m the 
urine, throe of which have been isolated 

0 Mon, dogs, cats and rats ammate mcotmic 
acid, rabbits and gumea pigs deaminate mcotm- 
nmido , all species except gumea pigs methylate the 
metabolites to mcotmamide methochlonde or tngo- 
nollme, respectively , mcotmuric acid is broken down 
b 3 ’’ dogs and rats to mcotmic acid and mcotmamide 
and cannot, therefore, be on end product of meta 
bohsm, wlule mcotmamide methoclilonde is elimi- 
nated unchanged by rats 

7 DL-l\Iethionme has no constant effect on the 
motabohsm of the various derivatives m rata and is 
toxic to these onimals m larger doses 

Wo wish to thank Dr E M P Roe and Jlr R N Beale for 
carrying out ultraviolet-absorption evaminations of the 
fluorescent pigments, Dr R L M Synge for helping us with 
tho cntaphoretio evamination of one of the pigments. 
Dr C C Vnss and his staff for providing faoihties for the 
dog o\pcnments and Prof F G Young for Buppl 3 Tiig meta 
bohsm cages for tho dogs We wish to acknowledge gifts of 
nicotmuno acid from Bayer Products Ltd and Ward, 
Blenkinsop and Co Ltd 
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Sulphur Compounds of the Genus Alltum 

DETECTION OF n-PROPYLTHIOL IN THE ONION THE FISSION AND METHYLATION 
OF DIALLYL DISULPHIDE IN CULTURES OF SCOPULARIOPSIS BREVICAULIS 

By F CHALLENGER and D GREENW^OOD 
Department of Organic Chemistry, The University, Leeds 

{Received 29 April 1948) 


The chief constituent of the essential oils of onion 
and. garhe is usually stated to be aUyl sulphide 
(Whitmore, 1937, Bemthsen & Sudborough, 1931, 
Vass, 1939) This is an erroneous view ansmg from a 
statement by Wertheim (1844) and was first con- 
tradicted by Semmler (1892) He found no aUyl sul- 
phide, but by distdhng the oil of omons, AUtum cepa, 
under reduced pressure and coUectmg various frac- 
tions he concluded firom the boihng pomt and other 
physical properties that the mam constituent is a 
disulphide, CeHijSj, probably propyl allyl disud- 
phide The od amoimted to only 0 006 % of the 
whole weight of the omons Semmler (1892) states 
that oil of garhe, A sativum, contains 6 % propyl 
aUyl disulphide, 60% diaUyl disulphide, 20% 
diaUyl tnsulphide, and some diallyl tetrasulphide 
Kooper (1910) found thiocyamo acid and also aUyl 
thiocarbmude m fi:eshly expressed, weakly acid 
omon jmee No formaldehyde, acetaldehyde or 
acrolem was found Platemus (1936), Platemus & 
Knott (1941), Sherratt (1943), Curner (1946) and 
Dyer, Taylor & Hamence (1941) estimated the total 
volatile sulphur m omons by conversion to sulphate 
W^alker, Lmdegren & Bachmann (1926) found the 
fungicidal prmciples m omon jmee to be of two types, 
one of wluch is non-volatile and stable to heat The 


other IS volatile, and passes off from the extracted 
jmee at room temperature withm a few hours No 
attempt was made by these later authors to identify 
the compounds m question 

The work of recent investigators Kohmann (1947) 
reports the presence of propionaldehyde m omons 
from evidence beised on the meltmg pomts and 
analyses of the 4-mtro- and 2 4 dmitro-phenyl- 
hydrazones He also stateS that the lachrymatory 
prmciple is probably a thioaldehyde, and that 
sulphur analyses mdicate that this may be thiopro- 
pionaldehyde It seems possible that, durmg the 
distdlation under reduced pressure m presence of 
water at 60° which Kohmann employed, propion- 
aldehyde EQight have arisen from propylthiol by the 
foUowmg senes of reactions 

iCOJ H,0 

CH3 CH3 CH3 SH >-(CH3 CH, OHjS-)*^ 

CH3 CH3 CHjSH _ws 

+ CH3 CH, CH3SOH »-CH3CHjCHO 

propylsnlphemo acid 

This type of reaction was observed by Schoberl 
(1933, 1936) with many disulphides under rmld 
alkahne conditions and by Challenger & Rawhngs 
(1937) with diethyl disulphide m a closed copper 
vessel at 210° 
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Ivolimann (1947) observed the smell of hj'drogen 
sulphide durmg the treatment m ith 2 4 dimtro- 
phenylhydrazme This might also have arisen from 
the reaction of the monomoleciilar thioaldohydo 
■aath the phenyllij'drn/ine derivative However, the 
percentage of sulphur found Kohmnnn is also 
ver^'' close to the figure required bj' prop'vdthiol or 
■diprop 3 d disulphide There is no conclusn o o\ idonco 
that the distillate contained a thioaldeh 3 Ao 

Stoll & Seebock (1948) have isolated anew amino- 
acid from garlic, A sativinn, and from the crow 
omon or ramsons, A vrstmtm, which tho 3 ’' name 
alhin They liavo shown this to bo l S allylcvstoino 
8ulpho\ido, 

0 

t 

CH.CH CH. b— Cn.CH(NH.) COOH, 

and regard it as the parent substance of the alhcin 
obtamed by Cavalhto & Bailey (1944) fiom A 
sahviwi Cavalhto, Buck Sutor (1044) and 
Cavalhto, Bailo 3 ’ <&. Buck (1945) considered that 
allicm w ns either 

CH^CH CH.S S CH.CH CH, 

■ i ■ 

0 

or (CH.CH CH,S).0 

The results of Stoll &, Seobeck favour the first 
structure It w^as pointed out b 3 ’^ Challenger (1940) 
that, owung to the well-known basic properties of 
the sulphoxides, alhcin ma 3 ’- bo regarded ns of sul 
phomum typo The importance of sulphonium com- 
pounds in nature is emphasized b 3 ’’ other recent work 
Mbw a du Vigneaud (1948) find that the dimeth 3 d 
)3-carboxyethylsulphonium chloride, 

(CH3)jS+(C1') CH.CH.COOH, 

isolated from the marme alga Polysiphomajashgiata 
by Challenger & Simpson (1947, 1948) and also di- 
methylcarbox 3 Tnethyl 8 ulphomum chloride possess 
a labile methyl group and support the growth of 
rats on a diet deficient m methiomne but contammg 
homocystme A similar observation has been made 
with the last-named substance by Dubnoff & 
Borsook (1948) On acetylation of allim with tluo 
acetic acid Stoll & Seebeck (1948) found that the 
sulphoxide group is simultaneously reduced to a 
sulphide link giving the N-acetyl derivative of S- 
aHylcysteme Tins and the correspondmg /S propyl 
derivative 5 aeld aUylthiol and u -propyl tluol, re- 
spectively, on hydrol 5 ^is with sodium hydroxide 
The exact bearmg of these observations on our 
detection of n propyl thiol (see p 89) and on 
Kohmann’s (1947) results cannot at present be 
assessed Allim has, moreover, not yet been reported 
m the omon 

Aspiration experiments with onions We find that 
when a slow' stream of sterile air is passed over 


1949 

freshly chopped-, peeled onions n propylthiol vol 
atihzos and can bo characterized as mercury di n- 
propylthiol b 3 ’- absorption m mercuric cyanide This 
Was observed with tliree separate batches 6 f omens, 
and the thiol was also comforted to the silver and 
lead doriv'ativ'es 

ji-Prop 3 Itliiol has not till now been detected m 
nature, although Challenger & Rawlmgs (1937) ob 
served its formation from di n-propyl disulphide in 
cultures of Scopulanopsis brevicanlts Its high 
v'olatihtv probably prevented its detection by 
Sommlor (1892) or other w orkers, or it might, m then- 
o\poriinonts, liav^o been converted to dipropyl di- 
sidphido 113 ' t ho oxygen of the air It may be identical 
with the ver 3 volatile compound mentioned by 
Walker ct (?/ (1925) These authors state, ‘it is qmte 
probable that the volatile substances released upon 
crushing the tissue do not occur tlius 6 \actl 3 '’ as the 3 ^ 
existed m the host cell ’ We cannot say whether free 
II -prop 3 dthiol occurs m the undamaged bulb or 
whether it is liberated by enz 3 ’me action after 
slicing M'e considered the possibiht 3 '^ that n pro 
p 3 Itliiol mn 3 not aetuall 3 '^ be present in the v^apours 
evmlv ed by the oiuons, but might arise by the mter 
action of some more complex substance, e g a n 
prop 3 Ithioncetal such as 

CH.(SCaH,), or CH, CH(SC,H,)„ 

with the mercuric C 3 'amde used as absorbent TJuo- 
acetals i?CH(SJ?')j react wutli liot aqueous mercuric 
clilonde gmng i?'SHgCl as shown by Holmberg 
(1932) and by Ta 3 dor (1937), see also Hellstrom & 
Holmberg (1935) The two propyl derivatives were 
not available, but we find that diethylthioformal, 
CH.(SCj,H 5 ) 2 , and diethyltluoacetal, 

CH,CH(SC,H5)„ 

are mert to cold aqueous mercuric cyamde There 
seems, therefore, no reason for doubtmg the presence 
of free ?i -propylthiol m the vapours from the shced 
omons 

The literature contains no mention of the occur 
rence of alkylthiols m oil of omons, but Semmler 
(1887) states that traces of a thiol accompany the 
divnnyl sulphide which he isolated, after treatment 
with metallic potassium, from the oil of Allium 
ursinum 

Diallyl disulphide and cultures of Scopulanopsis 
brevicaulis Challenger & Charlton (1947) have dis 
cussed the possible origm of the diaUyl disulphide 
which occurs in oil of garlic (Semmler, 1892) It was, 
therefore, considered desuable to exarmne the meta 
bohsm of this compound under biological conditi^ 
where chemical change could readily be detected 
Tins seemed convement m vnew of the inv^estigation 
of the behaviour of various sulphur compounds m 
mould cultures, and especially of dunethyl /S- 
carboxyethylsulphomum chloride (recently isolated 
from the alga Polysiphoma fastigiata b 3 '^ Challenger 
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& Simpson, 1947) winch is bemg made by IMr Y C 
Liu m these laboratories Consequently a study of 
the fate of diallyl disulplude m cultures of the mould 
Scopiilariopsis brcvicauhs was imdertaken 

We find that this undergoes fission until formation 
of allylthiol which we have characterized as the 
mercury, lead and silver derivatives Methylation 
also occurs and methyl allyl sulphide is produced, 
this has been characterized as the addition products 
with mercunc and platimc chlorides These findmgs 
are m agreement with the work of Challenger & 
Rawhngs (1937) and Blackburn & Challenger (1938) 
who showed that saturated disulphides RSs , where 
R 18 methyl to n amyl, m cultures of S brcvicattUs, 
jield the correspondmg alkylthiol iiSH and the 
alkyl methyl sulphide J? S CH3 Challenger & Ellis 
(1935) found that allylaraonic acid in cultures of the 
mould 18 converted to dimetliylallylarsme thus 
showing that the aUyl group, when attached to 
arsemc, is not reduced by the mould Our results 
with diallyl disulphide show that tins is also true 
when the allyl group is linked to sulphur 

EXPERIMENTAL 
Detection of n propylthiol tn the onion 

Treatment of onions Three separate batches of onions, 
1070, 1350 and 1710 g , were peeled, shced and chopped 
immediately before use Air was passed through cone 
HjSOj, a 1% HgClj solution and two tubes of cotton wool 
(to tetnore any traces of S compounds and also micro 
organisms), then through the chopped omons in 0 6 1 jars, 
and finally through various absorbents Two tubes of 
aniline removed any thiocarbunide as a thiourea derivative, 
a tube of 2 n HCl elunmated a nilin e vapour, two tubes of 
4% Hg(CN)i solution removed thiols, and finally two tubes 
of 3% HgClj solution absorbed the sulphides and disul 
phides which are known (Challenger & Rawlings, 1937, 
Blackburn & Challenger, 1938) to pass unchanged through 
Hg(CN)i The smtabihty of this procedure was checked by 
a prehmmary experiment m which the constituents of a 
mixture of aUylthiocarbirmde and diallyl disulphide were 
satisfactorily separated 

Identification of n propylthiol Formation of a precipitate 
m the Hg(CN). occurred after 6 hr and ceased m 2—3 days 
The m p was 63-65° and, after one recrystalhzation from 
alcohol, 66-67° The mixed m p with authentic mercury 
di n propylthiol of m p 67° u as 67-68° Mixed m p with 
mercury diaUvlthiol of m p 74° was 60-83° (Found C, 
20 8, H, 4 06 Calc for C,Hi,8,Hg C, 20 6, H, 4 00 
Mereuiy' diallylthiol, CjHioSjHg, requires C, 20 76, H, 
2 00% ) The first batch of omons yielded 0 025 g (equiva 
lent to 10 mg of propj Ithiol/kg ) 

The second and third batches yielded 0 013 and 0 042 g 
of mercury di n propj Ithiol representmg 4 and 11 mg of 
propylthiol/kg The m p and mixed m p determinations 
confirmed the conclusions of the first experiment 
A portion of the mercury compound was decomposed by 
HCI, the thiol passed through water, and mto a 20% 
solution of lead acetate The lead salt of the thioI had 
m p 92° The mixed m p with lead di n propylthiol (m p 


06°) u as 94° Lead diallylthiol molts at 108° The remaining 
lead tluol u 08 decomposed u itU HCl and converted to the 
silver derivative. This, when washed ivith ethanol and 
other had m p and mixed m p 186° (docomp ) with silver 
ji propylthiol in p 180° (depomp ) The corresponding allyl 
derivatir 0 molts at 1 14° 

Examination of the aniline and of the precipitates tn the 
mercuric chloride Solution of the amlino in 50% (v/v) 
aqueous acetic acid left a trace of solid indicating the 
absence of more than traces of a thiocarbimidc m the 
volatile products 

The precipitate m the first HgCk tube from three batclies 
of omons was only 0 008 g It v as insoluble in all common 
solvents, did not molt below 270° and was probably the 
mercuriclilonde of an unsaturated sulphide such as 

{RCH HgCl CHOH GH,).S HgCI, 

or the mercurated fission product of a disulphide, e g 
RGB. HgCl CHOH CHjS HgCl (Smith, 1939) Addition 
of HCl gave the odour of a thiol suggesting that a product of 
the second tjqie was present 

Preparation of metallic derivatives of authentic allyl and 
n propyl thiols Lead n propylthiol (Borgstrom, Ellis &/ 
Reid, 1929) melts at 94-96°, sintering at 88-89° The jmllow 
precipitate obtained bj^ us melted at 90-92° It was re 
crystallized fimm benzene, much lead sulphide formed by 
decomposition by the hot soh ent being removed The m p 
was sharp and constant at 96° The decomposition of lead 
dialkylthiols by heat, giving lead sulphide and a dialkyl 
sulfihide, IS well known (Klason, 1887, Challenger &- 
Rawlmgs, 1937) Mercury diallylthiol, (CsHjS)iHg, was pre 
pared by shaking the thiol (2 g ) with aqueous 4% Hg(CN)j 
solution (700 ml , 4 6 mol ) for 2 hr faction was rapid 
The sticky, greenish precipitate was separated, washed with 
water and with ethanol and reorysteilized 3 times from 
ethanol It formed colourless pearly plates, m p 74° These 
gradually became pale green in colour (Found C, 20 8, 
H, 2 8, S, 18 95 CjHijSjHg reqmres C, 20 76, H, 2 90, S, 
18 46 % ) A specimen which had been kept m a closed tube 
for 10 years was found to be almost completely black and 
had an odour of a sulphide 

The lead derivative of allylthiol had m p 106-108° and 
107-108°, constant, after reciystaUizmg :^m benzene It 
was agam found necessary to remove lead sulphide 

The silver denvatives are insoluble in all common sol 
vents and could not be reorysteilized The aUyl derivative 
melted at 113-114°, darkening above 100°, whereas the n 
propyl compound melted between 182 and 190° (decomp ) 
the m p vaiying with the rate of heating, but always lymg 
within these hmits The m p were unchanged after washing 
the compounds with vanons solvents The silver derivatives 
were fairly stable, but the lead derivatives, especially lead 
diallylthiol, decomposed on keepmg for 2 or 3 days 

Rreparatwn and Teadums of reference compounds 

Preparation of methyl allyl sulphide Methylthiol, pre 
pared from iS'-methyhsothiourea sulphate and NaOH 
(Arndt, 1921), was passed through dilute HjSO^, dried by 
CaClj and absorbed m ice cold sodinm ethoxide The 
solution of sodium methylthiol was then added m the cold 
to the theoretical weight of allyl bromide m ethanol under 
reflux After refluxing for 30 mm the mixture was cooled 
pou^ mto water and the oil separated and dned over 
CaClj After four distillations, the b p was 91-93°, the 
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figure given bj' Obcrme^cr (1887) (Found C, 64 0, H, 
0 46 Calc for C^HbS C, 64 G, H, 9 10% ) The product Tvns 
free from tbiol, no precipitate being formed on sbakinc 
^nth 4% Hg(CN). solution 

Derivatives of methyl allyl sulphide The compound formed 
with c\cc8s HgCl. could not be recrystallized and was in 
fusible A soluble wicrcunc/dorif/c, m p 116°, was prepared 
by shaking together cquimolccnlar quantities of metlijl 
ally] sulplude and HgClj solution, and filtering immediately 
The plainiichlondc was prepared from platmio chloride 
(1 0 g ) in water (2-3 ml ) and nicthj 1 all} I sulphide (0 8 g ) 
The sohd was extracted with ether, removal of the 
sohont left a yellow powder which was rccr3'3tallizcd 
6 times from dilute ethanol The mp (160°) was un- 
changed by a sixth reel} stallization from cliloroform- 
light petroleum (Found Ft, 38 2 (C^Hb S CH 3)tPtCl4 
requires Ft, 38 0, C^Hj S CH3 FtCl, requires Ft, 46 8, 
CjHjS CHj PtCl4 2H.0 requires Ft 422%) 

Action of methyl todtde on methyl allyl sulphide Elimina- 
tion of the allyl group Equiraolccular quantities of meth}! 
allyl sulphide (12g) and methyl iodide (173g) were 
mixed and left at room tempemturo for 48 hr The resulting 
sohd, rubbed mth ether and reerj stallized from absolute 
ethanol by addition of ether, had ra p 200° Tlie mixed 
mp with authentic tnmethjlsulphoniiim iodide of tho 
same m p was 200 6° 

Preparation of diallyl disulphide This was prepared by 
tho thiosulphate method of Stutz <L Shriner (1933), hcarmg 
in mmd tho ready decomposition of diall}! disulpludo in 
presence of alkali gi\ ing, presumahlj , allylthiol and allyl- 
sulphenio acid C3H5S OH (cf SchObcrl, 1933, 1930) By 
hmitmg tho time of hydrolysis of tho sodium allylthio 
sulphate to 10 min , thus preventing hjdrolysis of tho 


^ ^revicauhs and meubated for 6 days 
at and for 3 days at room temperature Diallyl di 
sulplude (0 26 g ), emulsified inth 25 ml of sterile water, 
v as then added by means of a stcnie pipette to each flask 
i-fio flasks were connected m senes by means of sterile 
rubber bungs and glass tubmg, and stenlo aw passed through 
Hg(CN)3, two of PtCl4 and finally two 
01 3 /q HgCJj, all m aqueous solutions 

Charactenzation of allylthiol After 30 mm a white sohd 
formed in tho first HgCl, tube, probably due to reaction 
with unchanged diallyl disulphide, and after 2 hr , a pre 
cipitato was obsen ed in the first %(CN), tube Next day 
sohd had formed m all absorption vessels except the second 
Hg(CN)2 tube A total of 0 20 g (m p 73°) was removed 
from tho first Hg(CN)i tube (0 12 g after 1 day and 0 08 g 
after 7 da} s) After one recrystalhzation from ethanol, the 
mp was 74°, unaltered by further recrystalhzatiom The 
mixed m p Anth authentic mercury diaUylthiol of m p 74° 
was 74° and with mercun di n-propylthiol of m p 67° was 
60-57° 

The product was concerted to tho lead and silver den 
vativcs Tho lead diall}lthiol melted at 105-106° and after 
one recrysfallizntion from hot benzene, which removed 
much lead sulphide (see p 89) had m p 108-109° unaltered 
by furfher recrystalhzation Tho mixed mp with freshly 
prepared lead diaUylthiol of m p 108° was 108-109° The 
silicr dcnintivo after washmg with ethanol and ether 
melted at 111-113° The mixed m p with authentic silver 
aU}lthiol of m p 114-116° was 113-114° In each case 
darkemng occurred above 85-90° These m p ore less sharp 
than those of tho lead and mercury denvatives, but clearly 
distmgmsh between n propyl and allyl thiols, as the m p 
of silier n propylthiol, C,HjSAg, is 186° 


diallyl disulphide, and b} thorough washmg and dr}ang of 
tho disulphide, an almost pure fraction of b p 79°/10 mm 
pressure was obtamed after three distdlations Von Braun 
(1003), W'ho prepared it from sodium disulphide and allyl 
bromide, gives b p 77-82°/16 mm (Found C, 49 8, H, 
7 2, S, 43 1 Calc for C, 49 3, H, 0 9, S, 43 8% ) 

The product may have contained a small amount of 
the monosulphide The absence of thiol was shown by 
shaking with 4% Hg(CN)j solution, when no prccipitato 
formed 

By alkahno hydrolysis of sodium allyl thiosulphate m tho 
cold for 30 mmu, separatmg the oil and boding tho aqueous 
hqmd to complete the reaction, an unproved yield of about 
30 % was obtamed 

Action of diallyl disulphide on PtClj and HgClj When 
2 drops of the disulphide and 0 1 g of PtCl^ m a small 
amount of water were mixed an orange sohd formed during 

24 hr Most of this was insoluble m ether, ethanol and 
chloroform and did not melt below 270° Ether extracted 
traces of a sohd with simdar properties The compound 
formed fixim diaUyl disulphide and excess of 3% HgCla 
solution was also insoluble and did not melt below 270° 

DiaUyl disulphide and Scopulanopsis brexacaiihs 
tn bread cultures 

Formation of methyl allyl sulphide and allylthiol Four 1 L 
comcal flasks, each contairung 160 g of breadcrumbs and 

25 ml of distilled water, were stenlized at 20 lb pressure 
(120°) for 26—30 mm , moculated with spores from a potato 


Characterization of methyl allyl sulphide The platmum 
chlonde precipitates were removed after 2 days (0 36 g , 
mp 118°), after 3 days (016g, mp 123-126°), after 
7 da} s (0 23 g , m p 126-136°) and after 16 days (0 14 g , 
m p 124—136°) After three crystallizations from aqueous 
ethanol and two from chloroform hght petroleum (60-80°), 
the constant m p was 160° alone and m admixture with 
synthetic methyl ally] sulphide platimchlonde of the same 
m p (Found Ft, 38 04 (CjHjS CHjlzPtCli requires Ft, 
38 03 % ) The unsharp m p of the nnreorystalhzed pro 
ducts were probably due to the presence of some of the 
compound formed from diaUyl disulphide and platmum 
chlonde On the mneteentb day 0 025 g of precipitate was 
removed from the HgCla tubes The amount hardly m 
oreasod after the second day It was unmelted below 270°, 
darkened and smtered above 200°, and was insoluble m all 
common solvents Warm dilute HCl gave an odour of a 
thiol With NaOH, HgO was precipitated, and only a shght 
odour of sulphide or disulphide was observed The results of 
these tests suggest that the precipitate contained a product 
of the type iJSHgCl or sFSHgCl yHgCaj ansmg from the 
fission of unchanged diallyl disulphide by Hgd, (cf 
Challenger & Rawlings, 1937) along with a small amount of 
a mercuno chlonde compound of methyl ally] sulphide 
Fotassinm chloroplatuute, KjPtCl^, was unsm table as an 
absorbent for the methyl allyl sulphide, the insoluble pro 
duct bemg unmelted below 270° A second experiment with 
S hrevtcavlis and diallyl disulphide gave merctrry diallyl 
thiol, m p and mixed m p 74°, and methyl allyl sulphide 
platimchlonde, m p 149° and mixed m p 160° The deposit 
m the HgClj solution on extraction with ethanol yielded a 
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small amount of methyl allyl sulphide mercunchlonde, 
mp 112-114° and 113-114° mixed wth an authontio 
specimen, mp 114° (seep 90) This affonled n seeond mode 
of eharactenzation of the mixed sulphide In a tlurd ex- 
penment mereury diall3dthiol was again obtained 

SUIMMARY 

1 n-Propyltlnol has been detected m the onion, 
Alhum cejpa, and charactenzed as tlie merovtnc, lead 
and silver salts The tluol ivas removed from the 
freshly chopped bulbs m a stream of sterile air and 
absorbed in mercurio cyamde 


91 

2 The behaviour of diallyl disulphide, the mam 
constituent of od of garlic, A sativum, has been m- 
vestigated m cultures of the mould Scopulanopsis 
brcvicaulis which convert it to methyl aUyl sulpludo 
and allylthiol These compounds wore identified os 
the platuuchloride and the mercuric, lead and silver 
salts respectively 

Tho authors thank the Royal Society for a research grant 
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The Effect of l- Glutamic Acid and Other Amino-acids 

in Hypoglycaemia 

B\ W MAYER -GROSS and J AV AVALIiER 
Dcimrhncnt of Chmcal Research, Cnchion Royal, Dumfries 

{Received 26 April 1948) 


AYJiilo It 18 genorallv ngreod tlmt glucoso is tlio only 
substrate able to maintain the function of the brain 
in intact animals imder nonnal conditions, opinions 
arc still divided on the part played b 3 ' certain amino- 
ncids and rolatod substances m cerebral metabolism, 
particularly m the absence of glucoso 
In vitro experiments by Qunstol A AA9ioatIoy 
(1932) ha\o 8bo^\^l that L-glutnmic acid is oxidized 
bj brain tissue in the absence of glucoso Tins w ork 
lias been developed by lO-obs (1935) irith special 
reference to glutamine and glutaminoso Woil- 
Malliorbo (1930) suggested that l glutamic acid 
fulfils a specific function in relation to carbohj^drato 
metabolism m cerebral tissue 

Using oMScoratod ammals Bollmann & Mann 
(1931) and Maddock, Hawkins & Holmes (1939) 
found that the intravenous injection of the sub 
stances knowm to be oxidized by the bram tissue m 
vUro does not maintain the electrical activitj" of the 
bram nor relieve the symptoms of hj^ioglycaemia 
Klem & Olsen (1947) have shown that in cats 
anaesthetized wath sodium amj-^tal substances, such 
as lactate, pyruvate, L-glutomate and succinate, do 
not pass from the blood to the broin in significant 
quantity Conversely, m the normal human subject 
a ready exchange of lactate and pyruvate takes 
place between the blood and the brain as demon- 
strated by’’ Himwich & Himwich (1946) 

The "W’ork of Nord (1926) should be mentioned 
here We are indebted to Dr R B Fisher for drawmg 
our attention to this after a prehmmary publication 
of our results (Mayer-Gross & AA^alker, 1947) 
Working with rabbits, Nord produced a rise m the 
blood glucose by mtravenous mjection of glutamic 
and ammoacetic acids, an effect which was abolished 
after adrenalectomy He concluded that this effect 
was due to hypersecretion of adrenalm and sub- 
sequent mobilization of glucose 

Further endence of a direct effect of glutamic 
acid on cerebral function was pronded by chmcal 
observations Price, AVaelsch & Putnam (1943) 
observed that the administration of DL-glutamio 
acid hydrochloride reduced the number of peiit mal 
attacks m epileptics but was "without effect upon 
maj or seizures Waelsoh & Price ( 1944) subsequently 
showed that this effect was due to the l glutamic 
acid firaction and not to any shift m the acid-base 


balance of the blood Zimmermann L Ross (1944) 
and Zimmermann, Burgemeister & Putnam (1946), 
confirming those observations, have claimed a 
fn\ourablo mfluence of orally administered l 
glutamic acid upon the ability of rats to learn a 
simple maze and upon the mtellectual development 
of defective children At the same time Unna & 
Howe (1946) have shown that the vomitmg mduced 
by’ the mjection of l glutamic acid is probably central 
in origm smee it can be prevented by narcosis 
Rfiiilo the results of in vitro experiments could not 
bo expected to be m complete agreement with those 
in the intact animal, the wide differences m the 
experiments quoted above suggested the desira 
bility of a study’ of the immediate effect upon the 
human subject of relatively large quantities of l 
glutamic acid The ongmal observation of Quastel 
& Rfiieatley (1932) that l glutamic acid was only 
oxidized by’ bram tissue m the absence of glucose 
suggested that patients m a state of hypoglycaemic 
coma would prove to be suitable subjects for these 
experiments 

EXPERIMENTAL AND RESULTS 

The subjects of the exjienments were otherwise healthy 
patients undergoing Sakel’s insulin coma treatment for 
schizophrema They had, except where otherwise mentioned, 
received the optimum dose of insulm to produce hypo 
glycaemic coma Coma was defined as a state of uncon 
sciousncss from which the patient could not be roused by 
sensory stimulation , if stimulation provoked any movement, 
it wns of a general nature and m no way local or purposeful 
The blood glucose levels, estimated by the method of King, 
Haslewood <L Delory (1937), vaned in coma between 7 and 
12 mg /lOO ml , the mean bemg 10 mg /lOO ml The results 
of this method closely approximate to true glucose values 
and we found it reproducible to ±2mg/100mL At the 
time of the onset of coma 1 mg of atropme sulphate was 
mjected subcutaneously to minimi ze the excessive gastric, 
bronchial and sahvary secretion produced by msulm 

Olutainic acid 

The results of the oral admmistration of n-glutamio acid 
hydrochloride (Waelsch A Price, 1944, Zimmerman & Ross, 
1944, Zimmerman et at 1946) suggested that it might bo 
absorbed ill sufiicient amount fiem the mtestinal canal to 
serve as a substrate for cerebral metabohsm The substance 
was first given m hypoglycaemic coma by stomach tube 
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No effect upon consciousness could be obsen^ed m a senes of 
10 cases in which quantities of up to 100 g of n glutamic 
acid ffydrochlonde w ere administered 
In a further senes of 14 experiments 20 g of n glutamic 
acid hydrochlonde were added to the 200 g of sucrose 
normally administered by stomach tube for the purpose of 
terminating hypogly caemic eoma , in 1 1 cases no effect upon 
the recovery of consciousness could be observed The 
patients did not wake up more quickly than after glucose 
alone The remammg three expenments, hon ever, earned 
out on the same subject, did suggest that the i. glutamic 
acid hydrochlonde might have some effect This subject 
had never been known to recover from coma after the oral 
admmistration of sucrose He recovered only after a sub 
sequent intravenous injection of glucose In these three 
expenments the addition of 20 g of l glutamic acid hydro 
chlonde to the 200 g of sucrose had the effect of rendormg 
unnecessary the intravenous injection of glucose, con 
sciousness bemg restored within 20 mm of the oral admm- 
istration of the mixture Without the 20 g of l glutamic 
acid hydrochlonde mtravenous mjection of glucose was m- 
vanably necessary 

An injectable preparation of i^glutamic acid was pre 
pared by cautious addition of 60% NaOH (w/v) to a 
saturated solution of L glutamic acid hydrochlonde The 
two solutions were cooled with ice and mixed with constant 
stimng m a large mortar packed round with crushed ice 
The L glutamic acid at first precipitated was redissolved, 
and the pH was taken to 7 2 (pH meter) A solution which 
contamed the equivalent of 25 g of t^glutamio acid and 10- 
11 g of NaCl/100 ml was obtamed, and was sterilized by 
filtration through a Ford ‘Stenmat’ grade SB 
This preparation (80 ml =20 g L-glutamio acid) waS 
mjected mtravenously m a senes of 45 expenments earned 
out on 31 patients m hypogly caenuc coma The mjection 
was made over a penod of 2 mm Blood glucose was de 
tenmned before the mjection and at mtervals of 3 mm 
from its termmation The subjects were closely watched for 
retunung consciousness over a penod of 16 mm , and, if at 
the end of this penod consaonsness was not restored, an 
intravenous mjection of glucose was administered The 
entena adopted as signs of consciousness were abdity to 
obey spoken requests and to answer simple questions 
rationally In some cases, where speech was delayed, the 
fact that the patient sat up and swallowed sips of water was 
considered a sign of consciousness 
In 26 of these 45 expenments the subject became suffi- 
ciently conscious to satisfy these entena while m the re 
mammg 19 oases conscioosness was not restored In many 
of the latter a considerable decrease m the depth of coma 
was noticeable, e g cessation of hyperventilation and 
return of normal respiration, disappearance of muscular 
spasm and twitchmgs, opening of the eyes, fixation and 
following the observers’ movements, sighing, yawnmg, 
stretching, etc 

In aU 46 expenments an mcrease in the blood 
glucose level was observed In the 26 subjects re- 
covering consciousness the blood-glucose level at the 
tune of the recovery' of consciousness, and in the 
remaining 19 cases the highest level reached, was 
noted These values are set out m columns ( 1 ) and ( 8) 
of Table 1 The two sets of values are not greatly 
different from each other, the means bemg 25 and 
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22 mg /lOO ml respectively The significance of the 
rise of blood glucose mil be discussed later Tliere 
was the possibility that the large quantity of sodium 
chloride contamed m the mjected preparation of 
I, glutamic acid could have some effect upon the 
return of consciousness For this reason a senes of 
mne identical experiments was earned out m which 
the comatose subjects were given an intravenous 
mjection of 80 ml of a solution of sodium chloride 
contammg 11 g /lOO ml In no case was there any 
effect upon the state of ^ consciousness nor any 
significant effect upon the blood-glucose level, the 
highest level reached bemg 16 mg /1 00 ml while the 
mean was 13 mg /lOO ml The values are set out in 
column (10) of Table 1 

Annnoacetic acid 

Tlie result of the experiments with L-glutamic 
acid suggested their extension to other ammo acids 
Because of its ready availabihty ammoacetic acid 
was selected , and an mjectable preparation contam- 
mg 26 g /lOO ml was made, the pH being adjusted 
to 7 2 by means of a few drops of sodium hydroxide 
solution Tlie solution was sterilized by mtermittent 
beatmg to 100° and stored at 37° as the ammo acid 
had a tendency to crystaUize at lower temperatures 
A series of 26 experiments was earned out with 
this preparation under similar conditions to those m 
the experiments with L-glutamio acid, each subject 
receiving 20 g of ammoEicetic acid In 13 experi- 
ments the patient became sufficiently conscious to 
satisfy the standard condition while m the remam- 
mg experiments this degree of consciousness was not 
reached although m many cases the coma became 
considerably less deep ITie blood-glucose level at 
the time of the return of consciousness or, alter- 
natively, the highest level reached m the time of the 
experiment was noted, these figures are set out m 
columns (2) and (7) of Table 1 The mean values 
were 24 and 20 respectively 

^-Amindbenzmc acid 

A further senes of experiments was earned out 
usmg a solution of the sodium salt of p ammobenzoic 
acid, each subject receivmg 20 g of the acid In four 
of these six experiments consciousness was restored 
while the remainmg two did not reach this stage The 

blood glucose values of this short senes are set out m 
columns (3) and (8) of Table 1, the mean values 
bemg 22 and 24 mg /lOO inl respectively 

Thk significance of the nse of blood gliicose 

Hie result of these four senes of expenments sug- 
gested that the injection of 20 g of the ammo acid 
had been responsible for the return to consciousness 
of the subjects The mechanism of this result was, 
however, m some doubt smee the admmistration of 
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Table 1 Bdatwnslnp of blood glucose values and consciousness after the administration of amino-acids, 

glucose and sodium cJdoridc 


Consciousness restored blood glucose ^ nines 
(mg /lOO ml ) 


Eemammg unconscious blood glucose lalues 
(mg /lOO ml ) 


Glutamic 

ncid 

( 1 ) 

21 

10 

28 

20 

23 

28 

28 

32 

35 

26 

34 
37 
28 
23 
25 
21 

35 

25 
21 
27 
19 
21 
19 
19 
21 
21 

Mean 

26 



J. 

p Ammo 

Glucose 

Glucose 

/ 


P Ammo 


bcnroio 

onlj. 

onh , 

Glutamic 


benzoic 

Glycine 

ncid 

oral 

mtrn\ enous 

acid 

Gli cine 

ncid 

(2) 

(3) 

(4) 

(5) 

(0) 

(7) 

(8) 

23 

28 

65 

53 

21 

21 

23 

32 

19 

54 

56 

19 

14 

25 

26 

23 

61 

3l 

26 

20 

— 

23 

19 

30 

32 

21 

23 

— 

25 



37 

35 

30 

20 

— 

28 



40 

63 

26 

17 

— 

19 


39 

48 

35 

19 

— 

28 

- 

35 

42 

30 

19 

— 

28 

--- 

37 

36 

17 

23 

— 

21 


37 

37 

23 

19 

— 

16 

__ 

34 

40 

26 

27 

— 

21 




37 

32 

21 

— 

19 




— 

30 

10 

— 





— 

16 

— 

— 


_ 



— 

16 

— 

— 




- 

14 

— 

— 






10 

— 

— 



— 

— 

10 

— 

— 




— 

— 

14 




— 

— 

— 

— 







— 

— 

— 

— 



— 

— 

— 

— 

— 





— 

— 








— 

— 

““ 

n 

— — 

— 

— 

— 

— 


— 

— 

— 





24 

22 

42 

42 

22 

20 

24 


Glucose 
oral and 
mtrarenous 

(9) 

30 
26 
35 
' 42 

40 

23 
19 

24 
22 
30 
19 

34 
26 

35 
19 

27 

28 
27 

36 


NaCI 

( 10 ) 

9 

12 

10 

12 

14 

12 

12 

12 

16 


29 


13 


the ammo -acid bad always been accompamed by a 
nse m the blood-glucose level above the average 
level of 10 mg /100 ml found m hypoglycaemic 
coma The work of Nord (1926) would suggest that 
the return to consciousness was entirely due to this 
increase m blood glucose winch he proved to ^ a 
sympathomimetic effect On the other hand, Nord 
had failed to obtam this effect when the quantity of 
ammo-acid mjected was less than 2 g /kg .while m 
n6ne of our experiments did the quantity of ammo- 
acid exceed 0 4 g /kg Furthermore, no chm^l 
signs of hyperadrenahsm such as a nse m pulse ra 
or m pulse pressure were seen 

tions by ourselves (Mayer-Gross & Walker 1 ) 

had shown that consciousness was 
a blood-glucose level had been reached that was 
about dfuble the average figures of 22-26^ 
100 ml obtamed m these experiments For this 
reason it seemed probable that the elevation of 
blood glucose was not solely responsible for the 
return of consciousness It seemed desirable, how- 
ever, to arrange control experiments on an identical 
pattern m order to determme the critical level 


of blood glucose at which consciousness was 
restored 

In the first of two senes of experiments 200 g 
,rere administered to subjects m at 

rXmach tube Blood glucose le^I ;vas 

3 mm intervals, and the subject closely w 
mm consciousness satisfying the 

ra. 

L of *1. 

In a second senes 3 g of observations of 

venonsly mto patients m coma . of a total 

blood glucose and consciou^^ ve^ m 23 while m 

of 42 experiments consciousn^ glucose 

19 cases the patient eat out m 

le^lB 7'“°^ "Sn the mean values being 42 in 

columns (4) and (6) ^ no restoration of 

each case ^ ^t^ed withm 16 mm 

consciousness the highest va ue noted These values 

are set out m column (9) of J- 

of ra«. ‘rn.Tf 

S.” ..r 
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between those of eolumns (4) and (5) These columns may, 
therefore, be taken together The grouped means are, for 
the ammo acids 24 63 and for the glucose, oral and mtra- 
venous, 41 34, the difference is 16 81, the standard 
error of difference is 1 89 and the ratio of the difference to 
its standard error 8 9 The chance probabihty of this is less 
than 0 001 and the difference between the means is highly 
significant 

It may, therefore, be concluded that the nse of 
blood glucose foUowmg mjection of ammo-acida was 
insufficient, m itself, to produce the return of con- 
sciousness Takmg column (9), which gives the 
blood-glucose values m experiments where con- 
sciousness was not restored, the group mean is 
29 00, and the difference between this and the 
grouped mean of columns (l)-(3) is 4 46 The 
standard error of this difference is 1 96 and the 
ratio of difference to its error 2 28 The chance prob- 
abihty IS less than 0 06 which attains a level of 
significance commonly accepted for clinical experi- 
ments In other words, even m cases m which con- 
sciousness was not restored by glucose, the blood- 
glucose level was significantly higher than that of 
the cases m which it had been restored by ammo- 
acids 

Effect of glutamic acid on the blood urea 

An attempt was next made to determine whether 
the glucose responsible for the rise m blood-glucose 
level, after the mjeotion of l glutamic ewjid, was 
formed by the synthesis of glucose from the ammo- 
aoid If this were so it would be necessary for de- 
ammation to occur, and, as a result of this, a nse m 
the blood-urea level In 12 experiments m which 
20 g of L-glutamic acid were mjected mto patients 
m hypoglycaenuc coma, parallel observations were 
made upon the blood-glucose level, the blood-urea 
level and upon the state of consciousness The blood- 
urea levels were determmed by the method of King 
ei al (1937) which wo found reproducible to 
± 1 mg /lOO ml The results are summarized m 
Table 2 In eight cases consciousness was restored at 

Table 2 Parallel observations on consciousness, blood 
glucose and blood urea after intravenous injection of 
20 g of ij-glutamic acid in hypoglycaemic coma 


CkmsoiouB Unconscious 


Blood 

Rise or fall 

Blood 

'N 

Rise or fall 

glucose 

m blood urea 

glucose 

m blood urea 

(mg/lOOmL) (mg /lOO ml ) 

(mg /100 ml) (mg/lOOmL) 

35 

+ 2 

23 

-3 

35 

+ 2 

26 

-3 

28 

±2 

26 

+ 6 

23 

-3 

28 

+ 3 

21 

+6 




32 

-1 



26 

-6 



25 

Mean 28 

_2 

25 

— 
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an average blood glucose level of 28 mg /lOO ml 
with a shght rise m blood urea in four and a shght 
depression m the other four Four cases did not 
recover consciousness, while their mean blood- 
glucose level rose to 26, m two -with a shght rise m the 
blood-urea level and a shght fall m the remammg 
two 

Succinic acid 

Succmio acid is one of the substances related to glntamic 
acid which may be converted m the body into glucose 
(Soskm <L Levine, 1946) The problem was whether this 
could take place withm the 16 min period of our experi 
ments and affect the hypoglycaemic condition A solution 
of succmio acid smtable for intravenous mjection weis pre 
pared by addmg small quantities of sucomic acid to a 
solution of sodium succmate imtil the pH was reduced to 
7 2 The quantities were so adjusted that the final product 
contamed the eqmvalent of 1 g of succmio acid/10 ml 
In view of the expectation of very rapid oxidation of the 
succmio acid by the tissues of the body it was considered 
necessary to mjeot the preparation as rapidly as possible 
An immediate difficulty was encountered, however, m the 
violent erythema that aceompamed the mtravenous m- 
jeotion of the substance, and, for this reason, it was deemed 
madvisable to carry out the mjection too quickly and to 
administer more than the eqmvalent of 10 g sucomic acid 

In a senes of 14 experiments no change m the state 
of oonsciousness of the hypoglycaermo subject could 
be seen, nor was there any marked change m the 
concentration of the blood glucose, the greatest 
change m the latter bemg a rise of 6 mg /lOO ml 
A number of determmations of the blood-succmic 
acid concentration were made by the method de- 
vised by Forssman (1941) The average concentra- 
tion obtamed was 116 mg /lOO ml the highest bemg 
17 2 mg /lOO mL and the lowest 7 3 mg /lOO ml The 
results are summarized m Table 3 


Table 3 The effect of intravenous injection of succinic 
acid upon blood-glucose and blood-succinic acid 
concentrations of subjects in hypoglycaemic coma 



(Subjects remamed m coma ) 

Blood 

sucomic acid 


Succmio 

Rise 

concentration 


acid 

m blood 

immediately 

No 

mjeoted 

glucose 

after mjeotion 

(g) 

(mg /lOO ml ) 

(mg /lOO ml ) 

1 

2 

3 


2 

4 

6 


3 

4 

3 


4 

8 

2 


6 

8 

2 


6 

10 

2 

73 

7 

7 

3 

10 9 

8 

12 

4 

17 2 

9 

10 

4 

16 3 

10 

10 

2 

11 0 

11 

10 

3 

12 2 

12 

10 

6 

9 7 

13 

10 

2 

82. 

Mean 


3 

11 6 
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Ijidtvidtial reactions 

Althougli the ftiiiino acid cxptnments and glucose 
controls could not nlnajs be performed in the same mdi 
MduaJs, parallel eicpcriinents and controls were possible in 
10 subjects While in some subjects the impression nns 
gamed that easy rcco^ cr\ from coma or its persistence after 
injection of ammo acids was peculiar to the induidunl, 
entical examination of the experiments ns a nliole, and of 
the parallel tests in particular, showed that intlnidual re 
action jiattoms x\ ere rare buccess nn<l failure in restoring 
consciousness seemed to dcjicnd mninlj on the duration of 
coma before the ailministration of the ammo acid 

An interesting phenomenon occurred in one female 
patient who in the normal process of recocen from hxpo- 
gljcnemic coma after the oral administration of sucrose, 
miariabh passed through a tmn«icnt but xiolcntly 
emotional phase cbaractcri7cd b\ nnich w ccping When she 
nns niinkcncd b\ i glutamic or nminoncetic neicL the 
emotional phrse did not occur The patient became com 
plctoh conscious and able to conxerse intelligent!} xnthout 
emotional upset Ixcxertlicless, upon her siibscqucntl} 
drinking sucrose solution, the emotional reaction do\ eloped 
This obscri nt ion iv ns made in four cxpcnnicnts on siiccessix o 
daxs 


Table 4 suggest that the observations of Quostel <L 
WlioaMoy (1932) tn tnfro held true tn vivo and that 
L glutamic acid was not utilized in the presence of 
glucose 

DISCUSSION 

The x\ ork quoted m the introductory remarks sug 
gosts t\xo explanations of the restoration of con 
seioiisnoss after the injection of ammo acids Neither 
accounts for all our observations 

In tho first place, the reaction of hjqioglycaeiiiic 
subjects could be due to oxidation of l glutamic acid 
by tlie brain in the absence of glucose (Quastel & 
Wheatley, 1932) Identical reactions obtained with 
nnunoacotic and p aminobenzoic acids make this 
interpretation doubtful since Krebs (1935) found l 
glutamic acid to bo the only ammo acid oxidized by 
brain tissue 

Tho second exq^lanation traces the effect of ammo 
acids to the invariable rise m blood glucose This 
may bo due to (1) general stimulation dunng m- 
jection, (2) conversion of ammo acid to glucose, or 
(3) sjunpathomimetic action 


Glutamic acid in the absence of hypaglycacmta 

A senes of nine experiments was made in xxliich 
20 g of L glutamic acid wore injected intrax'onously 
to non-lijqioglj caemic (fasting) subjects Tho 
clinical condition and tho blood glucose loxol of the 
patient w’ore closol}' watched for 20 mm after the 
mjection In spite of admmstration of atropine, as 


Table 4 Blood glucose (mg /lOO ml ) before and after 
intravenous injection of 20 p 0/ L glutamic acid to 
non-hypoglycaeimc (fasting) subjects 


Before 


After glutamic acid 


Maximum 

non rtf* 

giUuallilC 

acid 

5 nun 

10 mm 

16 mm 

20 mm 

A iOw 

fall 

83 

83 

S3 

93 

83 

+ 10 

65 

72 

70 

05 

70 

+ 7 

79 

67 

79 

77 

79 

-12 

70 

79 

77 

79 

77 

+ 9 

101 

96 

98 

88 

88 

-13 

90 

97 

90 

95 

99 

-f-9 

100 

89 

72 

98 

96 

-28 

97 

97 

99 

90 

93 

-7 

82 

80 

84 

82 

82 

-f2 


prexuously described, the vomitive effect of the i>- 
glutamic acid (Unna & Howe, 1946) was mvanably 
present and was much more marked than m the 
hypoglycaemic subjects WTiile there was no de- 
tectable effect upon the patient’s mental state, there 
was a generalized sensation of tmglmg associated 
xnth the mjection, which had always passed off 
before vomitmg occurred The effect on blood glucose 
weis very variable, it was raised m four cases, de- 
pressed m four cases and not significantly changed m 
one case The results which are su mmar ized m 


(1) While a small rise of blood glucose may be 
produced m hj-poglycaemic coma by any external 
stimulation the parallel experiments with 11% 
sodium chloride solution have shown that tlus nse is 
not equal to that produced by ammo acids 

(2) From tho absence of change m blood urea, after 
the injection of glutamic acid and from the absence of 
a nse m blood glucose after mjection of succinic acid, 
it seems improbable that glucose is derived from the 
ammo acid mjected Although it is feasible that 
glutamic and ammoacetic acids are conx'erted mto 
glucose withm the body, tlus is unlikely m the case of 
P ammobenzoic acid 

(3) Sympathomimetic action (Nord, 1926), al- 
though not observed clmically, cannot be ruled out 
in our experiments and may cause the rise of blood 
glucose I'niatever the cause of this rise, however, it 
cannot account for the recovery of consciousness m a 
large proportion of cases Control experunents and 
statistical analysis of Table 1 have shown that it was 
too small for this purpose Fmthermore, the m- 
jection of glutamic acid mto non hypoglycaemic 
subjects has completely failed to produce the sig^- 
ficant rise of blood glucose demonstrated m Nord s 
experimental amroals Similarly, the vomiting, 
much more marked without than with hypogly 
caeima, pomts to a different action of glutamic acid 
m the two conditions An explanation based only on 
the glucose rise therefore fails to account or our 
observations Presumably, therefore, the ammo 
acids exert some additional mfluence on the meta- 


lolism of the nerve cell 

The nature of this influence is at present obseme 
\n excess of simple ammo acids maj’’ ace 
ractions of the protem molecule for some o eir 
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functions thus releasing them for a more specific 
purpose m relation to carbohydrate metabohsm ^ 
This might result m more efficient utilization of 
glucose and so m the recovery of consciousness at a 
lower level of blood glucose 

STIMMAIIY <' 

1 Oral administration of l glutamic acid to 
patients m h5^oglycaemic coma was without effect 
except m one subject 

2 Intravenous mjection of 20 g of L-glutamic 
acid restored consciousness to subjects m hypo- 
glycaemic coma m 26 of 46 experiments, and modi- 
fied the depth of coma m-the remaining 19 experi- 
ments 

3 Similar effects were produced hy the mjection 
of 20 g of anunoacetio andp-ammobenzoic acids 

4 In aU cases where ammo-acids were mjected 


mtravenously mto hypoglycaemic subjects there 
was a rise m blood glucose, which was, however, m 
itself madequate for the restoration of consciousness 

5 Injection of n glutamic acid mto subjects m 
hypoglycaemic coma was without significant effect 
on blood urea 

6 Injection of succmic acid mto hypoglycaemic 
subjects was without significant effect on blood 
glucose or on state of consciousness 

7 Intravenous injection of L-glutamic acid mto 
non-hypoglycaemic subjects failed to produce any 
significant effect on blood glucose, but produced 
vomiting far more strongly than m hypoglycaemic 
subjects 

We wish to express oar gratitude to Dr P K McGowan, 
Physician Superintendent of Cnobton Royal, for his interest 
in our work and for his permission to puhlish the results 
Our thanks are also due to Miss A Beattie, sister-m charge 
of the Insulin Department, for her collaboration 
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Studies on the Metabolism of Semen 

5 CITRIC ACID IN SEMEN 


By G F HUMPHREY and T MANN, Molteno InsMvXe, Umversity of Cartibndge 


{Received 23 April 1948) 


The semen of man and certam other higher mammals 
IS distmguished by a very high content of citnc acid 
(Schersten, 1929, 1936, Dickens, 1941, Huggms & 
Neal, 1942, Laidji A Philhps, 1945, Barron & 
Huggms, 1946a, b, Humphrey & Mann, 1948) The 
acid ongmatos m the accessorji glands of repro- 
duction, cluefly the eemmal vesicles, and m this 
respect it resembles another more recently dis- 
colored component of semen, namely finictose, 
Biochem 1949, 44 


which has similarly been shown to be secreted mamly 
m the semmal vesicles (Mann, 1946) The present 
study was undertaken prunanly with the object of 
mvestigating the possibihty that there may exist a 
link between the two substances with regard to their 
formation, distribution or function m the repro- 
ductive organs and semen In the course of this 
study It was established that the process of genera- 
tion and mamtenanee m semen of both finictose and 
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citnc acid is closely dependent upon and regulated 
bj' the same liormono, testosterone At the same 
time it was found that, in certam species at least, 
fhictose and citric acid origmate m different parts of 
the reproductive system and that their levels in 
semen may var 3 ’’ independently of each other More- 
over, in distmction to fructose, citric acid has been 
foimd to bo metabolized in semen much more slowly 
than fructose Those and other facts concerning the 
relation of citric acid to both the anaerobic and 
aerobic metabolism of semen will bo described and 
discussed in this paper (prohminarj^ commumcation, 
Humphrej’- & Mann, 1948) 

i^DETHODS 

TJie mntenal consisted of semen and roproductnc organs 
from sovcrnl species including ram, bull, boar, stallion, 
cock, rat and rabbit The separation of semen into seminal 
plasma and spermatozoa, and the preparation of n ashed 
sperm suspensions n ere earned out ns previously desenbed 
(Mann, 1945, 1040) Ringer bicarbonate used m expen- 
ments to determine the rcspiratorj quotients nas made by 
adding 0 164 m NaHCOj to the Ringer solution, to gno a 
final bicarbonate concentration of 0 008 m, so that when m 
cquilibnuminth95% 0.nnd5%COjthcpHoftho medium 
was 7 0 Tncliloroacotic acid nas employed as doproteimz- 
uig reagent for both semen and acccssorj' reproductue 
organs 

Detenmnations of 0. uptake acre made in Borcroft 
differential manometers and in Warburg manometers at 37“ 
The respiratorj' quotients were measured in Warburg 
manometers by the indirect method (Dixon, 1943) An- 
aerobic experiments were conducted m Thun berg tubes 
fiUed aith pure N, or with 95% N- and 6% COj, and the 
manometnc estimation of acid production was earned out 
in Barcroft differential manometers with gas outlets by 
measuring the COj output usmg Rmger bicarbonate and a 
gas mixture of 95 % Nj and 5 % COj Fructose and fructo 
lysis were determmed as desenbed previously (Jlann, 1940, 
1948) Citno acid was estimated by the method of Bucher, 
Sherman & Vickery (1930) as modified byKrebsA Eggleston 
(1944), and the specificity of the method chedked accordmg 
to Breusch &, Tulers (1947) Good agreement was obtamed 
between the titnmetric and colonmetno procedures, but the 
latter was used as a routme Succinic acid was analyzed 
accordmg to Krebs, Smyth & Evans (1940), and lactio acid 
by the method of Fnedemann, Cotomo & Shaffer (1929) 

BESULTS 

Content of ettno acid in semen and 
reproductive organs 

Citnc acid constitutes a major component of the 
whole ejaculated semen m several mammahan 
species mcludmg bull, ram, boar, stalhon and rabbit 
However, with the exception of rabbit, it is usually 
absent from the epididymal semen, and only small 
quantities of it are found m ampullar semen A 
particularly high concentration of citnc acid m 
whole semen is charactenstic for bull where it may 
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exceed 1 %, and also for rabbit and ram All these 
throe species also show relatively high semmal 
fructose contents However, the semen of boar and 
stalhon, winch shoivs relatively low fructose con 
fonts, contam much citric acid (130 and 66 mg/ 
100 ml respectively) On the other hand, dog and 
cock semen appear to bo almost entirely devoid of 
both fructose and citric acid The species most com 
pletoly exammed was the ram , altogether 48 samples 
of semen wore analyzed during the seven months’ 
breeding season oxtendmg from October to May 
Tlie lowest value was 06 mg citnc acid/100 ml 
semen, the lugliest 261 mg /lOO ml The monthly 
av erage was higher in October at the be ginnin g of 
the season (190 mg /lOO ml ) than late m April when 
the season was commg to a close (92 mg /iPO ml ) 
If two collections of semen were made m quick 
succession from the same ram, the result was as 
showTi m Tablcyl It can be seen that unlike fructose, 
which W’us usually higher m the second ejaculate 
than m the first, citric acid did not always show the 
same re^antj-- 


Table 1 Fructose and citnc acid in 
successive ejacidates of ram semen 


Date of 

Ram 

Ejaculate 

Fructose 

Citno acid 

collection 

(no) 

(no) 

(mg /lOO ml ) 

(mg /lOO ml ) 

10 Oct 

1 

1 

686 

261 



2 

800 

226 


2 

1 

484 

107 



2 

674 

178 


3* 

1 

474 

83 



2 

636 

66 

12 Deo 

1 

1 

262 

168 1 



2 

364 

192 


4 

1 

328 

192 



2 

364 

144 


* This ram had been irradiated with artafioial hght 
throughout the previous wmter by Dr Yeates and used by 
Viim for the study of the effect of hght on the reproductive 
cycle m sheep (Yeates, 1947) 

Although both fructose and citnc acid are gener- 
ated m the same part of the reproductive system, the 
accessory glands, they can be shown to be secreted 
by fimotionaBy and anatomically distmot tissues 
The citnc acid contents of the vanous reproductive 
organs of full-grown animals are given m Table 2 It 
can be seen that, m rabbit for mstance, citnc acid 
is met with prmcipaUy m the glandula vesicula™ 
rather than m the prostate organ Yet as previously 
shown, fructose reaches a higher concentration in the 
rabbit prostate than m the glandula vesiculans 
(Davies & Mann, 1947) An even clearer picture was 
obtamed through the study of the accessory glmds m 
the rat which revealed a high concentration of citno 
acid m the semmal vesicle as well as m the ventral 

prostate Yet both these organs are poor m fructose 
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(9 and 0 mg /lOO g ) In the rat, fractose is concen- 
trated mainly m two other organs, namely, the dorso- 
lateral prostate (82 mg /lOO g ) and the small gland 
adjacent to the seminal vesicle proper, known as the 
‘coagulatmg gland’ or ‘anterior prostate’ The co- 
agulatmg gland, thus called because of the presence 
m it of the semen-coagulatmg enzyme ‘ vesiculase’, 
IS distmguished hy a complete absence of citno acid, 
at the same time it had a high finictose content 
{172mg/100g) 


Table 2 Distribution of citnc acid in 
male reproductive organs 


Effect of testicular hormone on the 
formation of citric acid 

The level of citnc acid m semen and m male re- 
productive organs is dependent foremost on the 
degree of sexual matunty of the animal It is low m 
young a nim als which have not yet reached matunty, 
and is generally hnked with the extent of activity of 
the male sex hormone m the animal body On 
castration there is a gradual dechne m the citric 
acid content of accessory glands, and, unless testo- 
sterone IS apphed by mjection or implantation, the 
organs soon become almost depleted of citric acid 


5001 +s 


Species 

Boar 


Material 

Secretion from Cowper’s 


Citnc acid 
(mg /lOO g tissue) 

0 


Bull 


Ifrostate 

38 


Epididymal semen 

. 0 

M E 
c 

Secretion from semmal 

680 

S 300- 

c 

vesicle _§ 

Testis 

3 

■a 

3 

• 5200 - 

Epididymis 

18 

Secretion from the semmal 

670 

u 

gland 

AmpuUar semen 

660 


Epididymal semen 

0 

100 - 


Rabbit Epididymis 
Testis 

Qlandula vesiculans 
Secretion of glandula 
vesiculans 

Prostate (I, 11 and TTT ) 
Cowper’s gland 
Ampulla 

Rat Semmal vesicle proper 
Coagulating gland 
Ampulla 

Dorsolateral prostate 
Ventral prostate 


64 

16 

84 

834 

62 

42 

273 

39 

0 

0 

20 

122 


Non castrated buck 
One Week after castration 
Two weeks after castration 
Pivo weeks after castration and sunul 
taneous implantation of testosterone 
propionate (100 mg ) 

Castmtcd and implanted simultaneously 
testosterone, fi^e weeks later 
^llet removed, rabbit killed after 
another five weeks 


20 



10| 12 14 16 1^8 


20 22 
Weeks 


Table 3 Effect of castration and testosterone 
treatment on citnc acid content of rabbit organs 


Citnc acid m 
combmed tissues 
of glandula 
vesiculans, 
prostate and 
ampullae 
(mg /lOO g ) 

106 

73 

22 

108 


Castrated Imputed Pellet removed Reimplanted ' 

Pig 1 Effect of cMtration and implantation of testosterone 
on the citnc acid content of rabbit semen. Buck castrated 
when 18 months old, 4 weeks later implanted sub- 
ou^eoimly with a peUet of testosterone propionate 
(IW mg ), 7 weeks later peUet removed, dned, weighed 
(80 ^ ) and preserved, 7 weeks later same peUet re 
implanted into the same animal 

Tlus can be seen from data recorded m Table 3 
which were obtamed by analysis of the accessory 
glands m a series of five full-grown male rabbits 
A^nilar, even clearer, picture of the correlation 
between citric acid level and testosterone activity 

ZTd ^ analysis of the semmal 

fluid coUected by means of the artificial vagina By 

this meaM it was possible to follow closely the se 
ho3 ^bout by castration and 

hormone implantation m the mtact animal Fig 1 

7 2 
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recovery which followed implantation of testo- 
sterone A pomt winch deserves special attention is 
that, as a result of the prolonged treatment with 
testosterone, the formation of citric acid in the 
castrated buck has been raised to a level beyond that 
usually observed m a non-castrated and imtroated 
anunal 


Citricolysis 

CitricOlysis, by which wo mean the metabolic 
breakdmvn and disappearance of citric acid, was 
studied (a) m whole semen, by incubating it m vtiro 
and allovang it to use up the preformed citric acid, 
and (b) in washed sperm suspensions meubated with 
added citric acid Unlike fructol 3 'sis, which pro- 
ceeds in spermatozoa at a constant and character- 
istic rate and which can bo convoniontl}^ expressed in 
terms of a well-defined ‘ fructolj'sis index’ (Mann, 
1948), the rate of utilization of citric acid was not 
constant enough to u arrant tlio introduction of a 
definite ‘mdex’ In anj' case, m vholo semen the 
rate of citric acid disappearance was found to be much 
smaller than that of fructose In bull and ram 
semen, for mstance, the rate of citric acid disap- 
pearance was frequentlj’’ as lov as 0 05 mg jlrr at 
37° m the presence of 10’ sperm cells, as against 1 6- 
2 0 mg fructose used up imder identical conditions 
Occasionally, the rate of citncolj'sis was higher This 
IS shown by the experiments recorded m Table 4 m 
wluch whole ram semen was used (4 x 10’ sperm, and 

1 3 mg citric acid/ml ), as well as washed sperm- 
atozoa of the same concentration, the decrease m 
citric acid resultmg from mcubation for 2 lir at 37° 
IS expressed m Table 4 as a percentage of that 
imtially present It may be added here that, al- 
though m whole semen as ejaculated, citric acid 
appears to be distributed in both the cells and the 
plasma, the spermatozoa can be easily freed from 
citric acid by washmg with Rmger solution For 
instance, the suspension of washed spermatozoa as 
used m the experiment referred to above was pre 
pared by dilutmg ram semen with 3 vol of Rmger 
solution, centrifugmg and washmg the cells with 

2 vol of Ringer The washed cells were found to be 
free from citnc acid 


Table 4 Cttncolysw %n ram spermatozoa 


"UTiole semen 

Whole semen diluted with 2 vol 
Rmger phosphate 
Washed sperm suspension 
(4 X 10“ cells/mL) with 0 1% 
citnc acid and 0 2 % fructose 
added 


Percentage decrease m 
citnc acid content as 
result of 2 hr mcubation 


at 37° 

In air 

InOj 

InNa 

70 

73 

60 

40 

31 

36 

30 

34 

33 


The process of citricolysis, although rather 
sluggish, may contmue m semen for some time after 
the spermatozoa have exhausted the entire reserve 
of sommal fiructose, 1 e after fiructolysis has come to 
an end This was noted both m aerobically and 
anaerobically meubated semen Active citricolysis 
was found to be linked with the presence of sperm 
cells m semen, the senunal plasma itself bemg unable 
to metabolize citric acid Indeed seminal plasma 
contains a Jieat-labile factor which generally m- 
liibited the oxidation of citrate by animal tissues 
This inhibitory effect was particularly noticeable 
when the sommal plasma was added to a hver pulp 
wluch alone utilized citrate very efficiently This is 
illustrated bj'^ the followmg experiment Rat hver 
was groimd inth 9 vol 0 1 M-phosphate buffer, 
pH 7 4, and tliree 2 ml samples of tissue pulp were 
shaken aerobically for 90 mm at 37°, with the 
follomng additions ( 1 ) Rmger solution (0 8 ml ), 
( 11 ) Rmger solution (0 8 ml ) contammg citrate 
(6 mg citnc acid), and (m) senunal plasma (0 8 ml 
with a content of 6 mg citric acid) The results 
(Table 6) show that the seminal plasma had a pro 
nounced inliibitory effect on both Oj uptake and 
citrate utilization by the ground hver tissue, 
dialj’zed, but not heated, senunal plasma, caused a 
similar mhibition 


Table 6 JEj^ect of bull seminal plasma on the 
O 2 uptake and citrate utilization by liver pulp 


Additions to liver pulp 

Ringer solution 
Rmger with added citrate* 
Seminal plasma 


Results of 90 nun 
inoubation 



0i uptake 
(f^) 
760 
990 
120 


Reorease in 
citno acid 
/o/) 


87 

6 


Equal to the amount present m the senunal plasma 


However, unlike the citrate oxidation m hver 
pulp, that m mtaot cells such as the spermatozoa 
was not mterfered with by the seminal plasma, and 
proceeded at approximately the same slow rate m 
sperm suspensions as m whole semen 

An attempt was made to identify sucomic acid as 
a possible mtermediary product of the aerobic meta 
bohsm of citnc acid m spermatozoa Samples (2 ml ) 
of washed sperm suspensions (2 x 10’ ram sperm/nd 
Rmger -phosphate) were meubated aerobically for 
3 hr m Barcroft manometers, m presence and 
absence of citrate, with and without the addition of 

0 OOSii-malonate No accumulation of succimc acid 

was observed m any of these samples (Table 6) It 
may also be added that the level of succmic acid m 
fresh bull and ram senunal plasma was detemimed, 
it was found to be rather low (6—10 mg /lOO ml 
plasma) 
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Table 6 Effect of mcHonate on aerobic metabolism, 
of citrate by ram spermatozoa 

Cbanges restiltmg firom. 

3 hr incubation 

- K 

Citno acid Sncomio 


disap- acid. 

Additions to the Oj uptake pearance formation 
sperm suspension (pJ ) (mg ) (mg ) 

None 1040 — 

Citric acid (2 8 mg ) 1046 0 41 0 

Citric acid (2 8 mg ) 1190 0 67 0 

plus malonate (0 006 ii) 

Malonate (0 005ii) 1170 — 0 


fructose and lactic acid Agam, no difference could 
be detected m the rate of fructose disappearance 
between citrate -free and citrate -containing sus- 
pensions, and both produced lactic acid at the same 
rate No lactic acid, however, was produced by 
spermatozoa from citrate alone, i e when addition of 
fractose was omitted 

Previous mvestigations (Mann & Lutwak-Mann, 
1948) have shown that the uptake of dilute sus- 
pensions of washed spermatozoa declmed gradually 
unless the sperm cells were provided with an extra- 
cellular source of ondizable material such as a glyco- 
lyzable sugar or lactic acid In the present study. 


GUnc acid in relation to respiration and 
fructolysis in semen 

Under conditions so far studied, no appreciable 
effect of citric swid on either fructolysis or respiration 
of washed sperm suspensions could bo detected This 
is borne out by the experiment (cf Table 7) which 
was carried out with a suspension of washed ram 
spermatozoa m Rmger-phosphate, 0 7 x 10® ceUs/ml 

The suspension was divided mto two parts of which one 
(A) was treated with 480 mg fmctose/100 ml , and the 
other (E) with 100 mg fructose/100 ml Each of the two 
suspenmons was then divided mto two parts, one of which 
was left without any farther treatment, whilst the other 
received 180 mg citno acid (neutrahzed)/100 mL All four 
samples were mcnbated at 37° m narrow test tubes (0 7 cm 
m diameter, as used for storage of semen required for 
artificial msemmation) and the disappearance of fructose 
was followed at 30 mm mtervals 

No significant difference m the rate of fructose 
disappearance between sperm suspensions contam- 
mg citrate and those mcubated m absence of citrate 
was observed (cf Table 7 ) A s imil ar experiment was 

Table 7 Effect of citrate on fructolysis in 
washed ram spermatozoa 

Fructose concentration m sperm suspension 
(mg /loo mL) 


Suspension A* Suspension B 


Incubation 

Without 

With 

Without 

With 

(mm ) 

citrate 

citrate 

citrate 

citrate 

0 

480 

480 

100 

100 

30 

414 

415 

62 

01 

CO 

361 

346 

27 

27 

90 

294 

304 

16 

12 


* Suspensions A and B contamed different amounts of 
added fructose (see text) 

carried out with the four sperm suspensions m 
Ringer bicarbonate instead of Rmger-phosphate 
and using Barcroft manometers filled with 6 % COj 
and 95% N., mstead of the narrow-bore tubes 
employed above Tlus made it possible to follow 
fructoljsis bj" manometnc measurement of acid 
production m addition to the chemical estimations of 



Fig 2 Effect of fructose and citno acid on the respiration 
of washed ram spermatozoa 

observations were extended to a number of other 
compounds and m peurticular to orgamc acids 
Several organic acid salts such as acetate, pro- 
pionate, butyrate, oxaloacetate and pyruvate, were 
found to have a pronounced beneficial influence on 
the respiration of qiermatozoa, m accordance with 
the view held by Lardy & Phillips (1944, 1946) 
However, the action of these orgamc anids as re- 
vealed by our study was not on the imtial rate of 
respiration and did not result m any marked rise of 
the mitial Oj uptake Instead, these substances were 
found to mamtam and prolong the mitial rate of 
respiration, i e to delay the dechne m Oj consump- 
tion which would otherwise take place Unhke the 
glycolyzable sugars and the above-mentioned 
orgamc acids, citno acid was found to be imable to 
mamtam the rate of Oj uptake of ram spermatozoa 
(Eig 2) In this respect it resembled lactose, 
ethanol, glycerol, glycme, sucemic acid and mafic 
acid, none of which exhibited any marked ‘mitial 
rate preservmg effect ’ on the sperm respiration 
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Tlie possibility was also oxamined that citrate 
may have a stimulatmg effect on the n q of sperm- 
atozoa However, unhke fructose, the addition of 
citrate had, if anythmg, a shght depressmg effect on 
the n Q of woshed ram sperm 

In the course of this study the question was also 
taken up of possible variations m the respiratory 
activity of spermatozoa mduced by changes m O,- 
and COn-tension It was foimd that the value of ^o. 
(^1 Oo taken up by 10® sperm colls m 1 lir ) remained 
unaltered when the O, tension was lowered from 100 
to 4 % On the other hand, the sperm respiration 
was higher m the presence of 6 % CO™ and 96 % Oj 
than m either air or pure Oo The n q and values 
shovTi m Table 8 v ore all obtamod usmg washed 
sperm suspensions with a final concentration of 
2 6x10® ram spermatozoa/ml 


Table 8 R Q 

and of washed suspensions 

of ram sperm 


No 

In presence 

In presence 

Duration 

additional 

of 0 01 m- 

of 0 01 M- 

(hr) 

substrate 

citrato 

HQ 

fruotoso 

1 

0 92 

0 83 

1 00 

2 

0 78 

0 75 

0 91 

3 

084 

0 76 

0 79 

Gas 

^ 0 , 

at the end of 1 hr 

In pure 0. 

11 0 

12 0 

14 0 

In 96% Oi-5% CO, 

s 16 0 

14 0 

19 2 


Formation of citnc acid in spermatozoa 
and reproductive organs 

In the course of their study on fat and carbo- 
hydrate oxidation m mammahan spermatozoa. 
Lardy & Philbps (1946) demonstrated tlie presence 
of acomtase m bull sperm as well as the abihty of 
sperm ceUs to form citnc acid from added pynivate 
or oxaloacetate Using washed ram spermatozoa 
we were able to confirm these observations The 
analysis of citric acid synthesis convmced us, how- 
ever, that the quantitative contribution of sperm- 
atozoa, as regards the final content of citric acid m 
semen, was very shght or neghgible, and that the 
bulk of the citnc acid must be derived from the 
secretions of the accessory glands rather than from 
the spermatozoa In our experience there was no 
difficulty m completely freemg bull and ram sperm- 
atozoa from citnc acid by washmg them once or 
twice with Binger solution We were also unable to 
detect any appreciable formation of citnc acid on 
mcubation of the washed spermatozoa In order to 
mduce the sperm cells to form citric acid, a large 
concentration of added oxaloacetate was found to 
be necessary The formation of citnc acidfrom oxalo- 
acetate by washed suspensions of ram spermatozoa 
IS illustrated m Table 9 
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In this oypenmont 4 ml ram semen were diluted with 
10 ml Rmgcr solution, centrifuged, and the sperm bus 
pended in sufBcient Rmger solution to give a final volume of 
8 ml , this reduced the concentration of preformed citnc 
acid to 0 00 mg /ml Part of the suspension was diluted 
with an equal volume of 0 Iji Na oxaloacetate m Rmger 
solution and kept for 1 hr at 37° Another sample of the 
sperm suspension was first inactivated by heatmg for 2 min 
in boding water and then mixed and mcuhated with 
oxaloacetate, serving as a eontrol experiment for thp non 
enzymic con\ ersion of oxaloacetate to citnc acid 

From Table 9 it can be seen that under the con 
ditions studied no citnc acid was formed m the heat 
moctivated sample However, the unheated sperm 
colls produced citric acid from oxaloacetic- acid, and 
the sjmthosis was greater under aerobic than an 
aerobic conditions Aerobically, as much as 0 21 mg 
citric acid was produced m 1 hr by 10® ram sperm 
atozoa Assuimng that the dry weight of 10® sperm 
IS 30 mg we arrive at the figure of 0 7 mg citnc acid 
produced by 100 mg sperm, dry weight 

Table 9 Formation of citnc acidfrom oxaloacetic 
acid by washed suspensions of ram spermatozoa 

Citno Citno acid formed 


Pro treatment 

Inou 

bation 

acid 

content 

A. 

t 

(mg /lO® 

of sperm 

in 

(mg /ml ) 

(mg /ml ) 

Sperm) 

Heat mactiva 

N, 

0 06 

— 

— 

tion 

None 

N, 

018 

012 

0 07 

Heat mactiva- 

Air 

0 06 

— 


t\on 

None 

Air 

042 

0 36 

0 21 


Table 10 Anaerobic formation of cUnc acidfrom 
oxaloacetate by rat seminal vesicle and testis 

Citno aoid formed 
(mg /g tissue) 

Semmal vesicle 

Heat-mnctivated pulp ® ^ 

Fresh pulp ” 

Testis 

Heat-maotivated pulp ^ 

Fresh pulp ^ 

A sunilar study of the citrate synthesis from oxalo 
acetate was also made with two rat organs, the testis 
and the semmal vesicle 

The tissues were ground with 6 parts 0 1 M phosphate 
buffer, pH 7 3, and the suspensions diluted with an equal 
volume of Rmger solution containing 6 5 mg glucose, 
76 mg oxaloacetic acid (Na salt) and 8 6 mg 
ml The mixtures were then meubated m Thunberg ® ® 

filled with Ni, and citnc acid determmed after 1 hr at 37 
Control experiments were run simultaneously with mix ures 
contammg heat-mactivated tissue suspensions 

The analytical results (Table 10) showed that 
imder these conditions the rat testis was more than 
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ten tunes as active as seminal vesicle m synthesizmg 
citric acid, from tlie added keto acids Similar results 
were obtamed with aerobically mcubated tissue sus- 
pensions, but less significance can be attached to the 
aerobic experiments m view of the slow, but never- 
theless defimte, disappearance of citric acid from 
air-mcubated suspensions of ground semmal vesicles 
Regarding the content of acomtase m semen, tins 
was studied separately m washed sperm suspensions 
and m semmal plasma 

Undiluted whole ram semen was centrifuged, the seminal 
plasma separated, and the cells washed twice with Rmger 
solution The plasma and the centnfuged sperm wore then 
separately diluted with Rmger phosphate up to the ongmal 
volume of whole semen To 0 1 ml samples of ‘plasma’ 
or ‘sperm’, 0 3 ml Rmger phosphate and 0 4 ml 0 13 m- 
pbospbate buffer, pH 7 4, containing 3 mg cis-Bconitic acid 
(Na salt) were added, and the mixtures were kept for 
30 TTiin at 30'’ m Thunberg tubes filled with Nj 

The results (Table 11) showed that the semmal 
plasma was devoid of acomtase activity The ram 
spermatozoa, on the other hand, showed themselves 
capable of efficiently convertmg cts-acomtic mto 
citnc acid, the citric acid formation, expressed m 
terms of (f^ citnc acid formed m 1 hr by 

1 mg tissue dry wt ) bemg 10 7 

Table 11 Ac^mitase actimty spermatozoa 
and semmal plasma 

" Citnc 
acid 

Incubation formed 
(mm ) (mg ) 

Sperm suspension 30 1 39 

Seminal plasma 30 0 00 

To enable some comparison between the acomtase 
activity of spermatozoa and that of other aniTnal 
tissues to be made, two rat organa, hver and semmal 
vesicle, were assayed for their acomtase content 
The tissues were thoroughly ground with 6 parts 
0 lii-phosphate buffer and centnfuged, 1ml ex- 
tract of 1 60 diluted hver extract and 1 ml of 1 10 
semmal vesicle extract were each treated with cis- 
acomtate and mcubated as descnbed above for 
semmal plasma and spermatozoa The values for 
Qdteiu'^’ere 17 2 for rat hver, and 3 6 for rat seminal 
vesicle 

DISCUSSION 

The semmal plasma, i e the composite mixture of 
secretions from the male accessory glands, serves 
both as a velucle and nutnent for spermatozoa m 
whole ejaculated semen, chermcaUy it differs from 
most other body flmds m several respects The 
semmal plasma is remarkable for its high content of 
three chermoal substances, citnc acid (Schersten 
1929), fructose (Mann, 1946) and phosphorylchohne 


(Lundquist, 1946), all of which appear to originate m 
the same accessory organ, the semmal vesicle In 
tins respect, however, the rule is not wthout excep- 
tions, as shown by our study of rabbit and rat gener- 
ative organs In the rabbit, citric acid was mot with 
prmcipally in the glandula vesiculans, whereas the 
highest concentration of fructose was found in the 
prostate In the rat, citric acid was located m the 
ventral prostate and the semmal vesicle proper, but 
fhictose in the dorsal prostate and m the coagulating 
gland Furthermore, it was found that a high con- 
centration m semen of one component does not 
necessarily run parallel with a correspondmgly liigli 
level of the other Boar and stallion semen, for 
instance, although rich m citric acid, were shown to 
bo comparatively poor m finictoso Moreover, there 
are daily individual fluctuations in the level of citric 
acid and fructose m semen, and they were shown not 
to comcide with each other, also a variable ratio 
citnc acid /fructose was encoimtered and foimd to be 
characteristic of semen On the whole it seems prob - 
able that ^citric acid of semen is secreted mde- 
pondently of fructose, m the sense that these two 
semmal components are produced by two distmct 
types of secretory cells In one respect, however, 
the processes of citric acid and fructose generation m 
the male accessory organs closely resemble each 
other As demonstrated m this study, both citnc 
acid and fructose are formed under the influence of, 
and m close dependence upon, the male sex hormone 
Thus the behaviour of citnc acid is analogous to that 
previously described for fiructose (Mann & Parsons, 
1947), except that the post-castration disappearance 
and the hormone-mduced reappearance of citric acid 
m semmal plasma are not eis prompt as m the case of 
fructose 

Fructose m semen represents a source of readily 
available energy for the spermatozoa (Mann, 1946, 
1948 , Mann & Lutwak-Mann, 1948) With regard to 
citnc acid, however, so far its function is rather 
obscure and the clarification of this problem must 
await farther study It is conceivable that oitnc 
acid may be associated with the phenomenon of 
spontaneous gehfioation, coagulation and subse- 
quent hquefaction which normally occur m the 
semen of certam species In this connexion one may 
recall the findmg of Huggins & Neal (1942) that 
citrate m human semen is the cause of prolonged 
coagulation time of mixtures of blood and semmal 
flmd, and that this delay of clottmg can be effectively 
counteracted by addmg calcium ions The possibility 
of citrate actmg as a bmdmg substance for calcium 
has been envisaged by Scherst&i (1936) and Huggms 
(1946), and the fact pomted out that milk, another 
flmd nch m citrate, has also a high calcium content 
In the same connexion our observations may be re- 
called that m the rabbit citnc acid occurs mamly m 
the glandula vesicular, that is, m the or^ which la 


Aoomtio 
acid con 
verted to 
oitnc aoid 
10 / 
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^ociated with the proco^ of semen gehfication production may contam factors similar to that found 

Siimlarly m the rat, a lugh concentration of citric m bull seminal plasma which was shown to interfere 
acid was found m the semmal vesicle proper, the with the metabolism of citnc acid m hver pulp 
organ which normally provides the substrate for ^ ^ 

vesiculase leadmg to gel formation SUMMAHY 

Hjmluromdase is another enzyme to bo considered i ri j 

m ooime-aon with tho possiblo rolo of citric acid m the o “ “T' ““ 

tomcn We oomod out some ovponmenfe, end found ° ^ “ J"" T“ 

thot hyoluronidnsc activity of washed ram eperm- Tn ““'f V'^ It a, usuaUy absent from 

atotea was uicreased by cLte to the samc’ovtont ■'P'*''?”"' ^t is present m ejacalated and 

as by an oqmmolar solution of sodium chloride 


However, it is possible that tho actmty of this 
enzyme is Imked with citrate in a more indirect 
manner, such as that indicated by Baumborgor & 
Fried (1948), who claim that citrate exerts a ‘pro- 
tective action ’ agamst antinvosm in vitro 

There is no indication that citric acid in semen acts 
as a major source of nutrient material for tlio sperm- 
atozoa The rate, both aerobically and anaerobic- 
ally, at which citric acid is broken down bj' sperm- 
atozoa, whether m whole fresh semen or when added 
to sperm suspensions, is slight m comparison with 
the rate of normal fructolj^sis Ylien both fructose 
and citrate were supplied to washed spermatozoa, 
citrate failed to exert a sparmg effect on fructose, 
and finctolysis went on at exactly tho same rate 
m presence and absence of citrate Citrate un- 
like glucose, lactate, p3Tuvate, ovaloacotato or 
acetate, was ineffective m mamtammg the rate of 
respiration of washed spermatozoa On the other 
hand, however, citncoljfsis, although slow, con- 
tmued even after the spermatozoa had used up all 
available fructose and this, together with tho earlier 
Gliding of Lardy & Plnlhps (1945) that citrate has 
some beneficial effect on the sperm motility, sug- 
gests that citrate may be of some specific value to 
sperm metabolism 

Tlie spermatozoa of the ram contam acomtase, 
(Qdtr»t«= 10 7), and they are able to form citnc 
acid from added oxaloacetic acid However, the 
bulk of citnc acid present m whole ejaculated semen 
IS denved from the semmal plasma and not from the 
spermatozoa It is mterestmg to note that under the 
experimental conditions employed, the rat semmal 
vesicle, which normally contains more citric acid 
than, e g , hver, testis or spermatozoa, was found to 
have less acomtase activity than these tissues and 
httle abihty to form citrate from oxaloacetate In 
this respect, the rat semmal vesicle differs from the 
human prostate which is the chief citnc acid pro- 
duemg organ m man, and which, according to 
Barron & Huggms (1946o, 6), is particularly rich m 
acomtase Before any general conclusions can be 
drawn concerning the mechanism of citrate pro- 
duction m the male organs of reproduction, it would 
be essential to extend the mvestigations to several 
more animal species It is also necessary to bear m 
min d the possibihty that accessory glands of re- 


somotunes also m ampullar semen It is denved 
mamly from the secretions of the accessory glands of 
reproduction, cluefly from the semmal vesicle but 
also from tlie prostate 

2 There is no defimte correlation between the 
processes of fructose and citric acid formation m the 
accessory organs In the rat and rabbit the two sub 
stances are found m two different types of secretory 
organs 

3 Followmg castration semmal citnc acid dis 
appears, but it reappears m response to testosterone 
However, tho post-castration fall of citnc acid as well 
as its reappearance after testosterone treatment are 
less prompt than m tho case of Jfructose 

4 IVlien fresh semen is meubated in viiro citric 
acid is metabolized by spermatozoa both aerobically 
and anaerobically The rate of citrate utilization, 
however, is much smaller than that, of fioietose 
Similarly, washed spermatozoa utilize added citrate 
much more slowly than added fructose Seminal 
plasma itself is tmable to metabohze citnc acid It 
contains a heat-labile factor which inhibits Oj up 
take and citrate oxidation m hver pulp 

6 Citnc acid has no effect on the course of finicto 
lysis by washed ram spermatozoa It is mcapable of 
mamtammg the sperm respiration, m this respect it 
differs from fructose as well as from other organic 
acids such as lactic, pyruvic, oxaloacetic, acetic, 
propiomc and butyric, all of which prolong the 
respiration of washed spermatozoa The a Q of 
spermatozoa is httle affected by citrate, but is in- 
creased to 1 by fructose 

6 Ram spermatozoa contam acomtase and are 
able to form citrate from added oxaloacetate How 
ever, tho bulk of citnc acid present m whole ejacu 
lated semen is derived from the seimnal plasma and 
not from the spermatozoa The semmal plasma is 
devoid of acomtase activity 

7 Rat semmal vesicles, despite them high content 
of citnc acid, appear to have comparatively httle 
enzymic activity associated with the formation of 
citrate from oxaloacetate 

This work has been earned ont on behalf of the Agn 
cultural Research Conned We wish to thank Prof D Keihn 
for his valuable help and kmd interest in this investigation 
We are indebted to Prof H A Krebs for a specimen of cw 
acomtio acid For the collection of semen we are gratefid 
to Dtb J Burkhardt, R W Pomeroy, U Parsons and 
A, Walton 
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A Note on the Disturbance of the Haemoglobin Metabolism 
of the Rat by Sulphamlamide 

By J W LEGGE, Institute of Medical Besearch,' Royal North Shore Hospital, Sydney* 

{Received 30 April 1948) 


Certain disturbances of haemoglobin metabolism 
■were among the side reactions observed after the 
mtroduction of sulphonaimde therapy Animal 
experiments clearly demonstrated that contmued 
dosage produced an anaerma In human subjects 
cyanosis was common, due mainly to methaemo- 
globmeiemia and occasionally to sulpheiemoglobm- 
aemia Drug rashes were also observed m a pro- 
portion of cases, and, while not all of the rashes were 
associated with hght sensitivity, the excretion of 
urmary porphyrm after dosage was found to be m- 
creased m a number of cases (of Rimington & 
Hemmmgs, 1938) The excretion of porphyrm m the 
iirme of the rat was then foimd to he mcreased many 
times by dosage with sulphonanudos (Wien, 1938, 
Rimington & Hemmmgs, 1938, 1939) Other aro- 
matic ammo compounds were found to produce a 
porphyrmuna Rimington & Hemmmgs (1939) ob- 
served a correlation between the seventy of the por- 
phyrmuna and the presence of metheiemoglobm m 
the blood of their animals Smee the porphyrm was 
found to ho coproporphyrm type HI, differing only 
from the protoporphyrin IX found m haemoglobm 

* Now at the Biochemistry Department, Melbourne 
University 


m havmg propiomc acid side chains m place of vinyl 
Bide chains, they put forward the tentative hypo- 
thesis tjiat the coproporphyrm was denved from the 
mcreased haemoglobm breakdown under these con- 
ditions A similar view was entertamed by Brownlee 
(1939) as a result of his mvestigation of the effects 
following the administration of antipyretics to rats 
The appearance of coproporphyrm would sigmfy, 
accordmg to this hypothesis, a departure from the 
normal pathway of haemoglobm catabolism 

The present work was begun m order to see if this 
porphyrmunc action of the sulphonarmdes m rats 
could be rmtigated by the administration at the same 
time of substances, such as ascorbic acid, hydro- 
chloric acid, etc , which had been claimed to dimmish 
the seventy of the side reactions foUowmg sulphon- 
armde therapy In addition, it was felt desirable to 
mvestigate quantitatively the bile-pigment excre- 
tion dunng dosage with the drug so that an estimate 
imght be made of the importance of the normal 
pathway of haemoglobm catabolism imde^ these 
conditions Rimmgton & Hemmmgs (1938) had m- 
deed commented on the large amounts of urobilm 
which they observed m the course of their analyses of 
faecal porphyrins 


106 J w LEGGE 

It was not found possible, liowever, m our ovpon- 
ments, to repeat the basic observations of Wien 
(1938) and of Bimington & Hommings (1938), i o 
increased excretion of coproporplijrrm after dosage 
with the drug, and in consequence the unmediato 
cluucal importance of the programme was greatly 
diminished. Transfer of the author to other work has 
prei’onted the carrymg out of furtlior oxporunonts 
to elucidate the cause of the disagroemont Hoivovor, 
attention has not been draivn to the problem smeo 
the completion of the experimental work outlined 
here (1942) and smeo additional disturbances of 
pigment metabolism woro noted, the data are pre- 
sented hero m the hope that further interest may bo 
aroused The positive findings of several individual 
groups of workers v ould suggest that the cause of 
our negative findmgs might bo duo to some factor, 
such as the diotai^% and the elucidation of this point 
would bo of no little interest 


1949 


EXPERBIENTAL 

Adult white rats, 200-300 g m veiglit, wore used 
Bie,l Two diets wore used A, ground wheat meal 80%, 
dried whole milk 7%, meat meal 3 5%, bone meal 3 5%, 
B, wheat meal 00%, dried whole milk 10%, meat meal 
25 %, bone meal 5 % Diet A w ns the stock diet of the rat 
colony The ammals romamed healthy on this diet and re 
produced normally Dunng dosage with sulphanilanudo, 
however, a higher mortahty was observed than other 
workers had reported Since Smith, Lilhe <L Sholmnn (1941) 
had observed that rats on a high protem diet showed no 
dechne in hnemoglobm when dosed with sulphandamido, 
and exhibited a lower mortahty than when on a low- 
protem diet, an expenment was earned out with diet B 
Dunng on experiment the ammals were given water ad, 
lib , and w ere given free access to the diet for 1 hr /day 
They remamed healthy under these conditions when not 
dosed with the drug 

CoUeciion of samples Twelve mdividual metabolism 
cages were used They were supported on waxed alummium 
funnels and delivered the urmo and faeces on to bulbs, 
sit tin g in the necks of 100 ml flasks The urme was col 
leoted m the flask which contamed a few drops of toluene, 
the faeces m a tm surrounding the flask Meohamcal losses 
of unne amounted to no more than 5 % of the total volume 
Analyses were earned out on 3 day collections of the urme 
and faeces 

Administration of drug Solutions or aqueous suspensions 
of the drugs used were dehvered directly mto the oesophagus 
of the animals with a blunt pipette after their dady feed 

Analytical methods 


was dotermmed by matchmg its fluorescence m filtered 
ultraviolet light with the nearest of a senes of dilutions of 
mesoporphyrm IX in approx 0 14N-HCI1 A red filter, 
transmitting beyond 630 mp excluded the whitish fluor 
escenco of an interfering substance not removed by the 
prchminary purification A spectrophotomotnc check 
shoned that the error involved by usmg a diflerent por 
phjTm for companson could bo neglected 
Faecal porphyrin Ground faeces were left covered with 
glacial acctio acid for 30 mm They were then thnee ex 
trncted with an equal volume of ether The acid ether 
extract vas then shaken with about 15 ml sodium acetate 
and with successive portions of water until only traces of 
urobilin were present in the extract The sodium acetate and 
the V, ator washmgs were retamed for the urobilm estuna 
tion Both copro and proto porphynn were then removed 
from the washed ether by three extractions with approx 
1 4^-HCl The combmed extracts ■nere filtered and the con 
centration of the porphynn dotermmed by measurement at 
552 mp. m a Hilgor Nuttmg Barfit spectrophotometer 
The total porphynn was measured m this way because 
it was not found possible to get a good separation of the two 
porphjTins b}' acid fractionation of the crude extract of 
faeces The measurement is thus a rather crude mdex of 
changes in the excretion of coproporphyrm At the end of 
a given exponmental penod the pooled extracts were 
further purified and the copro and proto porphyrins ex 
tracted and determmed separately 
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Ihg 1 (a), tetrahydromesobilene-h, (6), mesobilene 6, 

X= ethyl, M = methyl, P=propiomo acid. 

Urobilins in faeces Two related members of the urobilm 
class are generally obtamed from both faeces and unne 
Their structures are illustrated m Fig 1 In the present 
paper structure I (o) will be termed tetrahydromesobilene b, 
and structure I (b), mesobilene b * Repeated attempts 
were made to estimate the total amount of both these uro 
h iliTiH by reduction to their leuco compounds — the corre 
soondme nrobilmogens or mesobdanes — followed by 


Urine coproporphyrm Bulbs and flasks were inspected 
daily so that urme contammated with fragments of faeces 
might be discarded, the samples were then filtered through 
glass wool and the coproporphyrm taken mto ether by 
adding one third volume of acetic acid and shaking with 
three portions of solvent The ether was washed once with 
a solution of sodium acetate, five times with distilled water 
and the porphynn extracted with three portions of approx 
0 14 n HCa The concentration of poiphycm m the extract 


* This step represents a simplification of bile pigment 
nomenclature (of Siedel, 1939) It is considered neoessap^ 
because of the confused state of the nomenclature of the 
bile pigments and particularly of the urobilms, where 
tetrahydromesobilene 6 may be called steroobihn or uro 
bilm, and mesobilene-b, urobilm or urobilm IXtt. The 
problem will be adequately discussed by Lembeig m a 
forthcoming monograph 
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coupling witli Elirhch’s reagent These attempts failed The 
pigments -were, therefore, detenruned m the spootrophoto 
meter as their hydrochlorides, this derivative hemg formed 
by aoidifymg the washings of the ether extract of the faeces 
(vide supra) with HCl The specific extmction coefiBcient 

^ at 492 mu. was found to be, 147 by measurement of a 
crystalhne sample of the hydrochloride of tetrahydro 
mesobdene 6 The extmction coefiBcient of mesobileno b was 
assumed to be equal to that of the tetrahydro compound 
Mesobilene b While tetrahydromesobilene b is stable to 
FeCls oxidation, mesobdene b is oxidized to a bdiviohn 
This reaction, which was used m a semi quantitative 
fashion by Lemberg, Lockwood Wyndham (1938), is 
earned out m the following way The aqueous solution of 
the urobdins remaining from the previous estimation is 
extracted with 10—16 ml of chloroform The extract is then 
evaporated to dryness on a water bath and the residue 
taken up m 6 ml of methanol A sample is smtably dduted 
with methanol, and its extmction coefiBcient measured at 
492 m/n, thus giving a measure of the tetrahydromeso 
bdene b plus mesobdene b To 4 6 ml of the remaining 
methanol solution are added 0 6 ml of 20 % (w/v) FeClj in 
HCl The solution is refluxed m a test tube for 16 mm , 
cooled, the pigments taken mto ether with sodium acetate 
and after thorough washing to remove as much unchanged 
tetrahydromesobdene b as possible, the violms are extracted 
with approx 2 8 n HCl The acid extract is read m the 
spectrophotometer at 492 and 660 mp The viohn abaorp 
tion IS negligible at the former wave length, 492 m ^ , the 
absorption here being that of traces of tetrahydromeso 
bdene b, the absorption of the latter compound at 560 mp 
IS 0 07 times that at 492 mp , this value is subtracted from 
that found at 660 mp , thus enabling the true viohn 
absorption at this wave length to be obtamed Not enough 
of the viohn was obtamed to enable a detenmnation of its 
extmction coefficient but Lemberg, Lockwood & Legge 
(1941) have found the specific extmction coefficient of a 
strongly basic viohn to be the same as that of bdiverdm, 
■b/°^=46 This value was taken for the viohn obtamed 
from the mesobdene b A sample of mesobdene b prepared 
6 years previously by Lemberg el al (1938) from ciystallme 
mesobdene (mesobdmogen) gave a mixture of bdiviohn and 
bdiverdm on oxidation, and bemg analyzed by the above 
procedure gave 120% together of these two bde pigments 
calculated on the ongmal mesobdene 6 The compound m 
faeces gave no bdiverdm on oxidation This difference m 
behaviour prevented a more accurate check on the pro 
cedure 

Abnormal blood pigments The blood was dduted, sat 
urated with coal gas and exammed with a hand spectro 
scope A band m the 620-630 mp. region of the spectrum 
could denote methaemoglobm, sidphaemoglobm or chole 
globm. A weakening or disappearance of the band on re 
duction with hyposulphite (Na^SjO^) mdicated the presence 
of methaemoglobm Alkah was now added, a weakening or 
disappearance of the band mdicated the presence of sul- 
phaemoglobm The remainmg band is that of CO chole- 
haemochromogen (Lemberg, Legge L Lockwood, 1941) 

RESULTS 

The excretion of the porphyrins and urobdins was 
measured over periods up to 20 days m about 100 

rats The data may best be summarized by reference 


to the results obtamed m an experiment m avIuoIi 12 
rats were fed on diet B (group J) They were kept 
m metabolism cages for 12 days before dosing was 
commenced with 1 g /kg of sulpliamlamide daily 
Analyses were commenced 0 days before the dosmg 
commenced and contmued for a further 1 8 da 3 rs The 
mean values for the 3-day excretion of urmary 
coproporphyrm, mixed faecal porpliyrms, mixed 



Fig 2 Mean excretion/3 day rat period of A, faecal uro 
bilms, B, faecal porphyrms, C, faecal mesobdene b, D, 
nrme coproporphyrm The vertical dotted hue mdicates 
commencement of dosage with sulphamlamide The 
vertical unbroken hues mdicate range of values of urmary 
coproporphjum 


laecal urobdins and faecal mesobdene-6 are plotted 
m Eig 2 on a logarithmic scale so that the quanti- 
tative relations between these substances may be 
more easdy appreciated The range of values found 
for the excretion of the urinary coproporphyrm 
withm the group at each period is mdicated by the 

vertical hues on the appropriate graph m Fig 2 The 

rmge of values found for the excretion of each of the 
other denvatives is given separately m Table 1 
The re^ts from ammals which did not survive a 
p^iculM 3-day period were excluded from compu- 
tation of the mean ^ 
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Tftblo 1 Excretion of faecal pigments hy group of rats dosed sulphamlamide (I g jkg) 


Dajs 

PorplijTins 

Eango (gg /3 da3'’8) 

Urobilins 

Eango {fig /3 daj s) 

Mesobilono b 

Eango {fig /3 da^s) 
Siir\ mng rats 


Control penod - Penod of sulplianilamido dosing 


3 

A 

0 

r 

3 

0 

9 

12 

16 

18 

170-420 

140-2G0 

170^00 

100-370 

130-430 

120-570 

140-330 

100-310 

430-910 

320-000 

190-010 

190-500 

410-1880 630-1890 300-1020 360-630 

14-28 

12 

7-24 

12 

7-38 

12 

12-100 

9 

22-100 

9 

67-400 

8 

78-010 

8 

33-190 

7 


Urinary copropoi plnjrin 

Tlirougliout tlio period of tho ox-ponmont, tlio 
moan excretion of this dorivntivo romamod about 
constant Thisrosult was ofthoso obtained in 

tho other experiments Tlio control excretion was tho 
same as that found m rats on diet A Tlio indindual 
records of all tho rats shon onlj’ two cases, both on 
diet which arc not in accord m ith tho above state- 
ment Rat C9 excreted 3 7 and G 4pg copropor- 
phjnm durmg two control periods and 2 4, 6 3, 13 6 
and 17 ^g coproporphjTin durmg four periods in 
which it was dosed vTith 1 g A'g sulphamlamide The 
animal did not sumnve a fifth period of dosing and 
was tho only one m which tho increase m excretion 
reported by other workers was found Another 
ammal, number 71, showed an unusually high ex- 
cretion tlirougliout the oxporimoiit The copro- 
porphyrm excretion for the control periods nas 
found to be 1 1 0 and lO 0 ^ig , and on five succeeding 
3-day periods of dosage 7 0, 9 9, 12 5, 19 4 and 
10 6 ug respectively At tins point the experiment 
was discontinued, the rat survnnng No significance 
18 attached to the fact that both these animals were 
male or were found to be m the same group In- 
spection of individual records failed to reveal any 
change m the excretion of the urmary copropor- 
phynn m the periods prior to the death of the rat, 
nor did scatter diagrams show any correlation 
between excretion of total faecal porphyrins and 
excretion of urmary coproporpliyrm, or between the 
number of reticulocytes/cu mm and the excretion 
of urmary coproporph3T’m 

IneufBcient pooled urmary porphyrins were ob- 
tamed at the end of the expemnents to permit 
identification by confirmed methods of the pro- 
portiomof types I and Hlpresent Some preh^ary 
experiments by the method of Watson & Schi^rtss 
(1940) (elution by 36% aqueous acetone and by 
100% acetone of the methyl esters of copropor- 
phynns I and IH respectively from Brockmarm s 
alumma) mdicated that over 90 % of the porphyrm 
m the urme of both normal and dosed anunals was 

type JJLL 


Faecal porphyrins 

In none of the experiments were the faecal porphy 
rms observed to increase m amount foUowmg dosage 
Tho general tendency foUowmg dosage was, mdeed, 
a decrease from 300-400 to 200-300 pg /3 day 
period in rats on diet A Altliougli tlus decrease was 
not observed m the rats on diet B, the variation in 
excretion between different rats, as eiudenced by 
tho data m Table 1, was typical of the other expen 
monts Tho porphyrins from successive 3 day periods 
from each rat were rotamed, and m several expen 
monts were further purified so that the proportion of 
coproporphjTm m the mixture might be determined 
Tlus was found to vary, apparently at random, 
between 10 and 30 % of the total porphyrm Neither 
the tjqie of diet nor the dosage with sulphamlamide 
liad a predictable effect 


Total faecal urobilins 

The mcrease m the mean excretion of urobihns 
from between 600 and 600 pg to between 700 and 
1000 pg /period, after 9-12 days’ dosage witli sul 
phanilaimde, was observed in aU the experiments 
The highest excretion observed, 1890 pg , repre 
sented a 2 6-fold mcrease, while between one tlmd 
and one quarter of the anunals showed a twofold 
mcrease on the highest pre dosage excretion The 
values m Table 1 mdicate the considerable vanation 
m the response Some anunals, mdeed, fade 
show any significant mcrease m excretion even when 
them erytluocytes dropped to half them normal leve 

m 16 days , , 1.1 

There was no correlation between the doubling 01 

the pre dosage excretion of the urobihns an e 
survival or death of the ammal After the dosage 
with the drug had contmued for 12-16 days some 
ease was observed m the concentration of tbe 

rm ^ t-rtiicimirfln 




quemtitatively 

Faecal mesohilene-h 

After the experiments had been m progre^ for 
some tune, it was noticed that the colour of the 
dilute sodium acetate solution of the uro ms 
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changed m hue from a nch yellow to a pmlosh 
yellow This was shown to bo due to tlie presence of 
mcreased amounts of mesobdene-?) At first the 
amount of this pigment present was estimated 
quahtatively by the mtensity of the band at 634m^ 
seen after the addition of copper acetate to a meth- 
anol solution of the urobdms, the Cu++ oxidizmg the 
mesobilene 6 to a violm and formmg its copper 
salt while leavmg the tetrahydromesobdene 6 un- 
changed In later experiments the quantitative pro- 
cedure outhned above was used 

The mcrease m the mean excretion of mesobdene b 
seen m Fig 2 was also seen m the other group of rats 
whose mesobdene b excretion was followed through- 
out dosage As with the excretion of total urobdins, 
the response was observed to be variable Of the 
thirteen animals who survived 16 days’ dosage with 
the drug, only three faded to show less than a three- 
fold mcrease m mesobdene -6 The greater part of the 
mcrease m the excretion of the total urob dins is, 
however, due to the mcrease of tetrahydromeso- 
bdene-6 Thus, rat 89 showed an mcrease m total 
urobdm excretion of 1400 fig between the sixth and 
ninth dajrs of dosage, of which only 160 fig is meso- 
bdene-6 

The mesobdene-6 excretion of mdividual rats 
appeared unrelated to their survival or death durmg 
the experiment Examination of the pre -dosage 
levels of mesobdene b of rats on diets A and S mdi- 
cated, however, that the excretion was significantly 
less on diet B (Student’s < test, P less than 0 001) 

In addition to the mcreased mesobdene-6, another 
abnormal pigment was observed The porphyrms 
extracted from the washed ether extract of faeces 
obtamed from animals, at the same time as the 
mesobdene-6 excretion had mcreased, were ob- 
served to be bluer m colour than extracts obtamed at 
an earher period This was shown to be due to the 
presence of a strongly basic bdiviolm Insufficient 
was obtamed to show whether it was identical with 
that obtamed by feme chloride oxidation of meso- 
bdene 6, but this appears probable Runmgton & 
Hemnungs (1938) also found blue pigments m the 
acid washmgs of the ether extract of faeces from rats 
dosed with sulphamlamide 

Oer\eral observations 

Haemoglohmuria was observed on 8/465 rat days 
durmg control periods and on 19/602 rat days durmg 
dosage The difference is not significant and it is 
improbable, therefore, that the phenomenon is 
caused by the drug 

A green pigment was occasionally observed m 
voided urme (cf ManweU & Whipple, 1929) This is 
probably due to the breakdown of oxyhaemoglobm 
to choleglobm smee the characteristic band of CO 
cholehaemochromogen could be observed after 
appropriate treatment In additiop, flocks of bdi- 


verdm hydrochloride (showmg the characteristic 
band at 670m/i ) were obtamed m the 0 14N-hydro- 
chlonc acid extract of the ether solution obtamed m 
the course of routme analysis of the above urines for 
coproporphyrm 

When dosage with sulphamlamide was com- 
menced, the mcrease m volume of urme observed by 
Rimington (1939) was not foimd (of Brownlee, 
1939) 

The amount of faeces generally showed an mitial 
decrease when dosage commenced, nsmg after the 
first 2 or 3 days to the usual level 

There was generally a slight mitial weight loss 
from winch the anim als recovered Group J showed 
a drop m mean weight from 245 to 216 g m the 
10 days spent m cages prior to commencement of 
dosmg Durmg dosmg the mean weight of the sur- 
vivors fluctuated between 200 and 220 g 

Tn aU the experiments the rats became cyanosed 
The mam abnormal pigment proved on exammation 
to be sulphaemoglobm, with smaller amounts of 
methaemoglobm and choleglobm present In this 
respect also the results differ from those of Runmgton 
(1939), who only reported methaemoglobm to be 
present 

The survivors of the group on diet B showed an 
average drop m erythrocytes from 9 2 to 6 4millions/ 
cu. mm after 12 days’ dosage, while the reticulocyte 
coimt rose at the same time from 1 8 to 7 % A 
similar result was found m another group 

The mortahty observed m these experiments was 
greater than that observed by other workers In the 
group on diet B only seven twelfths of the animals 
survived 18 days’ dosage at 1 g /kg level The 
mortahty among the rats fed on diet A was greater 
The only obvious evidence of dietary abnormahty 
observed m the rats on either diet was an occasional 
discharge of porphyrm-contammg flmd from the 
glands of Hhrder, the so-oaUed ‘bloody whiskers’ 

DISCUSSION 

In these experiments the sulphamlamide produced 
a severe anaemia m the rats No mcrease was ob- 
served m the urmary excretion of coproporphyrm or 
m the level of the faecal porphyrms The mcreased 
content of mobfims m the faeces strongly suggests 
that the accelerated haemoglobm breakdown pro- 
ceeds by a normal route forming bile pigments and 
not porph 3 mns Gertam animals, although anaemic, 
did not show significant changes m the total amount 
of urobilms excreted It is known, however, that, 
owing to then? destruction m the gut, the excretion of 
mobihns is an unsatisfactory mdex of the amount of 
haemoglobm catabohzed If it is assumed that the 
life of the red cell m the rat is the same as that found 
m other mammalian species, about 120 days (dog 
Hawkins & Whipple, 1938, man, Shemm & Ritten' 
berg, 1946, dope, 1946), the normal excretion of the 
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urobilms m rat faeces represents a recovery of about This seems less probable than the former hypothesis, 
20 ^ of the prosthetic group actually destroyed but cannot at present be entirely excluded EUmgeri 

Tlie conclusion dravm from the association bo- Edgar <5L Lucas (1936) havereportedaporphyrinuna 
tv een the mcroased destruction, of liaemoglobm and m rats on certain diets, while the various deficiencies 
the mcronsed output ofthourobihns might, perhaps, produemg porphyrm staimng of the for and 
be queried, on the groimds that the pigments are whiskers (cf Daft & Sebroll, 1946), have yet to be 
foimd m increased amoimt because there is loss thoroughly investigated from the pomt of view of 
destruction m the gut There is, indeed, some porphyrin metabolism Raoul & Mamay {1945o, 6) 
evidence (vtdc %nfra) of altered bacterial activity m failed to find an mcrease m urmary coproporphyria 
the gut, but none that this loads to a diminution of when rats on a diet deficient m pyndoxme or panto 

the overall destruction of the urobilins theme acid showed a cutaneous excretion of proto 

In the light of the results reported in this paper, porphynan 
the hyq)othesis put forvard by Rimington (1940), as Finally, comment must be made on the mcreased 
to the ongm of the increased urinary' coproporphjTm, excretion of mcsobilene-6 The only previous oh 

can no longer bo supported The results foimd m the sorvation which related to the amounts of meso 


present senes of experiments aro not the only ones 
suggestmg that the problem is more complicated 
‘\^^ule Wien (1938) found on increased excretion of 
coproporphyrin after sulphanilamide, ho failed to 
find any mcrease after 16 days’ dosage vuth 3 g /leg 
sulphapyndme, although Rimington (1940) found 
a fivefold increase in coproporphyrin excretion 
imder similar conditions Prof Rimington has 
kmdly informed mo that he has heard from Dr ]M 
Guggenheim, Hoffmann-la Roche Ltd, Basle, of 
another instance, where, under slightly different 
conditions, no mcrease m the excretion of copro- 
porphyrm was noticed m rats after sulphamlamide 
treatment 

IVhile it IS possible (cf Figge, Strong, Strong & 
Shanbrom, 1942, Bittner & Watson, 1946) that 
genetic differences may he at the basis of the dis- 
crepancy between these results and those of Wien, of 
Runmgton and of Brownlee, it seems more likely 
that they are of nutritional origm The fact that sub- 
stances with negligible bacteriostatic properties, 
such as aspirm, phenacetm, phenazone (Brownlee, 
1939) or anilme (Rimmgton & Hemmmgs, 1939), 
produce the porphyrmuna make it unlikely that the 
explanation is to be sought m the diminished 
bacterial synthesis of vitamins m the mtestme It is, 
therefore, probable that exogenous factors are m- 
volved Mortahty under dosage is perhaps the most 
important biological criterion of the physiological 
condition of the animals Smee the mortahty m the 
present experiments was greater than that reported 
by other workers it seems most likely that factors 
present m other diets were absent m that used m the 
present senes On this view the porphyrmuna may 
be simply part of the normal erythropoietic response, 
perhaps shghtly deranged by the drugs, but not of 
any great pathological importance for the animals 
It should be noted, however, that m the present 
experiments a reticulocyte response was certainly 
present 

On an alternative view, the diet on which a por- 
phyrmuna IS found after drug treatment is not as 
complete as one on which no such response occurs 


bilono h and tetrahydromesobilene b excreted were 
those of Lemberg (1938) Tliey exammed unnes 

from patients vutli vanous complamts, but observed 
no association between mcreased excretion of uro 
bilms in the urme and the proportion of mesobilene b 
to totrahydromesobilene-b Nor was there a signi 
ficant association between mcreased mesobdene b 
excretion and liver damage The mcrease m meso 
bilono b m the present series of mvestigations pro 
\ades, therefore, a further approach to the complex 
physiology of the urobihns Baumgartel ( 1 943 o-d), 
m a series of papers available to the author only m 
abstract, has reported experiments which mdioate 
that bacteria cannot reduce bihverdm, and that only 
after this compound is reduced to bilirubm by the 
liver (Lemberg & Wyndham, 1936) does bacterial 
catalysis of further hydrogen transfer commence 
Tlie complete reduction of the conjugated double 
bond system of the bilmibrn is reported by Baum- 
gkrtel to follow a senes of steps m wluch (1) the a ^ 
double bonds of the termmal p 5 rrroles are reduced, 
(2) the hydrogens sliift from tlus position to the 
a and c methene bndges, formmg mesobdane, the 
precursor of mesobdene b, (3) the a P double bonds 
of the termmal pyrroles are agam reduced formmg 
tetrahydromesobdane, the precursor of tetrahydro 
mesobdene b On this hypothesis the mcreased 
amounts of mesobdene b found after dosage with 
sulphamlamide result from a partial iidubition o 
step (3) It IS uncertam whether such an inhibition 
takes place at the enzyme level, or whether it is due 
to alterations m the composition of the bacterial 
population It would be useful to remvestigate the 
varieties of bde pigments excreted followmg the 
administration of other sulpha drugs (of Greenblatt 
& Greenblatt, 1946) 

SUMMARY 

1 After treatment with sulphandaimde, rats were 
observed to show mcreased excretion of urobihns 
The reported mcrease m urmary excretion of copro 
after such treatments was, however, no 

found 
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2 It IS concluded that such a porphyrmuna does 
not derive from an abnormal breakdown of the pros- 
thetic group of haemoglobm, but m some other way 
Dietary deficiences are thought to he responsible for 
the failure to observe this phenomenon m the present 
experiments 

3 The mcrease m faecal excretion of the urobilins 
was not noticed m all the rats treated with the drug, 
but m most there was a marked mcrease m the ratio 


of mesobilene h to tetrahydromesobilene h The 
latter phenomenon is probably due to the influence 
of the drug on the flora of the mtestmes 

The author is indebted to Dr R lioniborg for his en- 
couragement and criticism throughout the work and to 
Prof C Rimmgton for discussions The work was earned 
out while the author was supported by the National Health 
and Medical Research Council of the Commonwealth of 
Austraha 
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Acid-soluble Pigments of Shells 

1 THE DISTRIBUTION OF PORPHYRIN FLUORESCENCE 
IN MOLLUSCAN SHELLS 

By a comfort. The Department of Physiology, London’ Hospital Medical College 


{Received 6 

Red fluorescence m marme shells was described 
durmg the last century by McMuim (1886), and later 
by Furreg & Quemer (1929), who drew attention to 
the importanco of fluoroscopy as €in aid to system- 
atics In 1930 the first of a senes of observations by 
Fischer and his co-workers (Fischer & Jordan, 1930, 
1934, Fischer &, Hoffmann, 1937) dealt with the 
isolation from shells desenbed as Plena radiata, one 
of the group of pearl mussels, of a porphyrm mter- 
mediate m character between uroporphyrm and 
coproporphyrm This substance was named concho- 
porphj'rm Uroporphyrms were isolated from other 
species of Ptena (Fischer & Haarer, 1931, Walden- 
strom, 1937, Tixier, 1945), and from a species of 
Clanculus and several Troclndae, whose fluorescence 


May 1948) 

had been observed by Quemer (Tixier, 1 946) Fischer 
had noticed the absence of red fluorescence m Helix 
pomatia, but smee Tixier’s paper no serious attempt 
seems to have been made to determme the exact 
systematic range of shell porphyrins among the 
mollusca A study by Turek (1933) details a wide 
range of fluorescent colours, some at least of which 
do not appear to be true examples of fluorescence, 
but the only other study of molluscan porphynns m 
recent years is that of Dh6r6 & Baumeler (1928) on 
the dermal porphyrm detected by McMunn (1886) 
m Anon 

In the present mvestigation an attempt was made 
to ascertam by fluoroscopy the extent of the ten- 
dency throughout the moUusca to deposit sheU por- 
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phyrm A serious criticism of the -w ork of Fischer 
arises from the madoquacy of liis identification of 
the species under study — much of his mvestigntion 
■u’os based on polished and imlocahzod material In 
the case of Plena rachata in particular, a member of 
a genus Minch has been hea\uly ovordcsenbod, 
identification of cleaned shells is almost impossible 
The differences betMTion the porphjTins isolated 
from this species and from related forms render a 
higher degree of systematic accuracy essential We 
do not claim to have o\ ergome this standing difii 
culty The present sur\ey co\ers the whole field of 
molluscan shells, and the help given us bj’’ exports m 
the various groups does not w holly compensate for a 
lack of detailed identification As an arbitrary 
measure of rohabihtv, throughout this commimica- 
tion specific names marked * are based upon the 
tablet names m the Natural History Jluseum un- 
marked names are dori\ ed from material m private 
collections, for the identification of w Inch w e must 
accept responsibility 

EXPERBIENTAL 
Criteria of porphyrin deposition 

The specificity of rod fluorescence in molluscan 
shells, on wluch wo relied as a primary guide to the 
presence of porphyrm, rests on fairly firm groimd 
Reddish fluorescence of non-porphyrm ongm has 
been mentioned m connexion with only four mol- 
luscan pigments, m Haliotts cahformcnsis (Lemberg, 
1931), m a phase of ‘ haliotirubm ’ (Lederer, 1940) 
which may be the same material, m the blue 
phase of chromodorm, which shows ‘ shght reddish 
fluorescence ’ (Crozier, 1916), andin aplysiopurpurm 
(Derrien & Turcmi, 1926) Puik and orange 
fluorescence found by us m several species is 
described below 

Porphyrms contamed m shell are at least as stable 
as the visible shell pigments, and old museum 
material has the advantage of bemg free from non- 
specific eimssion due to muscle and fixatives Much 
of the material m the Natural History Museum is 
upwards of 1 00 years old, but mtense red fluorescence 
was obtamed m many instances, and its brightness 
was fully equaldrO that found m fresh material of the 
same species Marked porphjrrm fluorescence was 
found m specimens of Gkbbulu cineraria from the 
Clyde beds (post-Pleistocene), m Plena media from 
the London Clay*, and m several species from the 
Calcaire Greasier (Pans basm, upper Eocene) — 
FissureTLa squamosa Desh , Angana calcar Lk , A 
lima Lk , and Tectus crenvlans Lk In these four 
species no visible pigment whatever remamed 

Metlwds 

Shells of about 3000 species, molndmg peleoypods, land 
and firesh water gastropods and a few soaphopods, were 
examined under an 80 W Osira mercury arc mounted m a 
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Wood’s glass envelope The amount of visible light passing 
this filler was msuCScient to obscure the fluorescence m any 
but the most highly polished forms Followmg the expen 
ment of Fischer m direct spectroscopy of the shell, we also 
crammed a number of species, both those found to bo 
fluorescent and others showmg non fluorescent pigments of 
1 anous kinds, by tins method A 100 W opUl lamp was 
mounted in n box about 3 cm below a black metal screen m 
uliich a small hole had been made This screen earned a 
glass sheet to protect the specimen from heat, and over the 
hole was mounted a Hartndge reversion spectroscope 
(Beck) In the case of very rough shells, it was occasionally 
found ncccssaiy to mount the specimen on the arm of a 
60 cj do buzzer, in order to secure a umform field The 
presence of porphjrm bands was taken as confirmatory 
evidence 

Wiero porphyrins were found, and mntenal for sacrifice 
uas available, acid extracts of the shell were made and 
examined directly by means of the reversion spectroscope, 
and a Hilgcr quartz ultraviolet spectrograph, usmg a nbbon 
filament lamp ns source Details of the separation and 
character of the pigments found mil appear m a separate 
paper 

RESULTS 

Two mam shades of porphyrm emission, a scarlet 
and a paler eosm-pmk, were detected, the second 
bemg usually found m tlim species, but both bemg 
present m Aplusirum Beside these typical por 
phyrm shades, wo noticed several other colours of 
fluorescence, usually of low mtensity Nacreous shell 
usually fluoresces blue, and adductor scars white 
Yellow tmts are often due to the presence of varnish, 
but true yellow emission occurs m some examples of 
Proserpina n^t^da^ and m the pedal slime of Helix 
aspersa (Turcmi, 1926) Several species of Cypraea, 
especially the orange -brown variant of 0 tigns, 
show orange emission, and we found a similar colour 
m the hp of Papuina boivini, m the mark corre 
spondmg to the visceral hump of Patella depressa, m 
Alcadia and Tdlina spp and elsewhere The eggs of 
Subulina have an mtense white fluorescence, and 
can be seen through the parent’s shell 

Ihstnbution of porphyrins in manne genera 

Porphyrm deposition m marme molluscs centres 
around the following genera, m which it is wide 
spread 

Gastropoda Peleoypoda 

FissureUidae Placuna, ErngmonM 

Trochida* (many genera) n!””* t> 

Angana 
Lepioihyra 
Lithopoma 
TrwoUa 
Erato 
Trwia 
Eydatvna 
BnUa 
Aplusirum 
Eaminoea 
Umbraculum 


ftena, jrtnaauu 
Isognomon 
Vulsella 
Malleus 
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In the foUowmg additional groups, the occurrence 
of shell porphyrin is sporadic The number of species 
m winch it was detected is auided, a star (*) mdi- 
catmg that there are probably others 

Gastropoda Peleoypoda 


Acmaea 

1* 

Anomia 

1 

Tonnia 

1 

Glausindla 

1 

Gypraea 

6 

Gafranum 

1 

MargineUa 

3 

Suneita 

1 

Vdutina 

2* 



Actaeon 

1* 




Beside these, a few species of Theodoxus, a fresh- 
water genus closely related to the marme Nentidae, 
produce traces of shell porphyrm Among gastro- 
pods, there is a focus of porphyrm deposition m the 
primitive groups of marme forms (Archaeogastro- 
poda), with another among tectibranch opistbo- 
branchs, and another m an isolated group mcludmg 
Erato, Tnma, Vdutina, and a few Gypraea Whereas 
of 100 odd species of Gypraea and fifty of MargineUa, 


only siv and tliree sjiecies respectively were found to 
deposit porphyrm, almost all the species of Tnvia 
exammed (except T omscm and T mvca) are 
regularly fluorescent The troclud group shades off 
into forms related to the Turbrnidae, and it is 
already known, from work by Krukenberg (1883), 
Tixier (1945), and others, that Imear tetrapyrroles 
(bilitrienes) play a part m the pigmentation of these 
shells Perhaps at this pomt m molluscan phyl ogeny 
the power to open the porphyrm rmg was developed 
Porphyrins are frequently found m those gastropods 
whose shell is partially enveloped m life by the mantle 
lobes In Gypraea particularly, the porphyrin seems 
to be associated with those parts of the pigmentary 
pattern which are laid down after the formation of 
the lip In addition to the distribution m gastropods, 
winch IS set out m greater detail m Table 1, traces of 
pink fluorescence were noted m the scaphopods 
Dentahum enialis, D formosum, and the Loricates 
IscJinochtton herdmanm and Tonicia ceylomca 


Table 1 Porphynn fluorescence distribution in marine species — gastropoda 


* Clypidvna notaia 

* Fissurena peruvtana 
' F maxima 

F pvlchra 

* F latemarginata 
Lucapina crenulaia 
Acmaea mrginea 

* Trochus nitoticus 

* T sandwichiensis 

* T pyramis 
Glancidus pumceus 
G dangulus 

* G pharaomus 
G floridus 

* EOtalia guamensts 

* E alnolata 

* E zdaiidtca 

* Isanda coronata 

* I pudibunda 

* I rhodomphala 

* Manilla catycvliia 

* M philtppit 

* M lifuana 
Thaloiia cornea 
Elenchus bdlidus 
E insodonies 
Umbontum vestianum 

* U gtganteum 
U auturale 

* U javanicum 

* U com cum 
U coatatum 
U auatrale 

U moniltferum 
Livona pica ^ 

GibbuJa magua 
0 cineraria 
Monodonta colnbrinum 
M confuanm 

Biochem 1949, 44 


Emission 

tint 

S 

S 

S 

s 

s 

s 

E 

S 

S 

S 

S 

S 

s 

s 

s 

s 

? 

s 

s 

s 

s 

s 

s 

? 

t 

? 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 


(S=Scarlet, E=Eo8m pmk ) 


Conformity 
with pigment 
pattern 

Site 

Yes 

Tip and mtenor 

Yes 

’Pays and mtenor 

Yes 

Rays, bevel of hp 

Yes 

Rays, bevel of hp 

Yes 

General 

No 

DrfFuse 

Yes 

Rays 

Yes 

Red areas, apex 

? 

Red areas, apex 

No 

Area on columellar hp 

Yes 

Red areas 

Yes 

Purple areas 

Yes 

Red areas 

Yes 

Red areas 

Yes 

UmbihouB 

Yes 

Shell surface 

Yes 

Very famt traces 

Shell surface 

Yes 

Shell surface 

Yes 

UmbihouB 

No 

Umbihous and oolumeUar hp 

Yes 

TJmbflious 

No 

General 

— 

Very famt traces 

— 

Very famt traces 

— 

Very famt traces 

No 

General 

Yes 

lap and umbihoua callus 

Yes 

UmblhouB caUuB 

7 

Bands, sutures, callus 

No 

General 

Partial 

lap and callus 

Yes 

Bands, hp and callus 

Callus only 

Yes 

Yes 

Black areas 

Yes 

Red areas 

No 

Apical callus 

— 

General 

— 

Patch near denticle 


Intensity 

Medium 
Medium 
Strong 
' Medium 
Very strong 
Medium 
Weak 
Medium 
Medium 
Strong 
Strong 
Medium 
Medium 
Very weak 
Strong 
Medium 

Medium 

Medium 

Strong 

Medium 

Medium 

Trace 


Strong 

Strong 

Strong 

Medium 

Strong 

Strong 

Strong 

Strong 

Strong 

Weak 

Strong 

Traces 

Weak 


8 
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Table 1 {cont ) 



Emission 

Conformity 
with pigment 


tmt 

pattern 

* Angaria spp 

S 

No 

Leptothyra sangmnea 

S 

Yes 

Lxihopoma amcncana 

S 

No 

Astraea tnumphans 

S 

Yes 

Tricoha pnllus 

S 

Yes 

T clongata 

E 

• Yes 

Theodoxus fluviatilis 

S 

Yes 

T prevoslianus 

S 

No 

Nerilodryas ditbius 

s 

Yes 

* Neritina communis 

s 

Yes - 

Tortnia laricgala 

s 

Yes 

* Vdutina laciigala 

E 

— 

V zonala 

E 

— 

Erato vitellina 

S 

Yes 

E laciis 

S 

No 

E lachryma 

S 

Yes 

E columheUa 

S 

Yes 

E ctmaculala 

S 

Yes 

E sulcifcra 

S 

Yes 

* Trnia ovulata 

S 

No 

T arclica 

s 

No 

T monacha 

s 

No 

T quadripunctala 

s 

No 

T pedtculus 

s 

Yes 

T oryza 

s 


* T merces 

s 

Yes 

Cypraea cinerea 

f3 

No 

* C mappa 

S 

No 

* G subvirtdts 

S 

No 

* C pulchra 

S 

No 

* 0 Isabella 

E 

• 

Marginella ornala 

S 

No 

* flydahna physis 

E 

No 

Bulla ampulla 

S 

Yes 

B adansonii 

S 

Yes 

* B quoyi 

S 

Yes 

Aclaeon lomatihs 

- S 

Yes 

Hamtnea vestcula 

E 

Yes 

* Aplustrum amplustre 

E, S 

Yes 

Vmbraculum viedilerraneum 

S 

Yes 


Sito 

Geneml 
Red areas 

Patch on columollar hp 

Umbilicus callus 

Individuals 

YclloM indinduals 

Indmdiials 

Patchy 

Pink bands, red form only 
Pink bands 
Red areas 

Orifice, joung shells 

Geneml 
Lip onlj 

Bands ' 

Geneml 

Spots 

Geneml 

Geneml 

Geneml 

General 

General 

Not dark areas 

Dark areas onl}" 

General, esp extremities of mouth 

General 

General 

General 

General m young shells, later red areas 

Transi erso groivth hnes 

Pink and purple areas 

Pink and purple areas 

Pmk and purple areas 

Pink bands 

General 

Lilac and pmk bands 
Visceral stem 


* Identification based on British Museum labels 


Intensity 
Strong 
Medium 
Very strong 
Strong 
Medium 
Weak 
Traces 
Traces 
Strong 
Strong 
Medium 
Weak 
Traces 
Strong 
Strong 
Strong 
Strong 
Strong 
Medium 
Weak 
Strong 
Strong 
Medium 
Medium 
Traces 
Medium 
Strong 
Very strong 
Weak 
Weak 
Trace 
Medium 
Weak 
Medium 
Medium 
Medium 
Medium 
Strong 
Strong 
Traces 


Table 2 Other colours of emission tn Gastropods 


Proserpina ntUda 
Helix aspersa 
* Alcadia rhodostoina 
Cypraea tigns 
Patella depressa 
Murex regius 
Fascwlana tidipa 
Papwina boivini 
SiAvlina octona 


Emission tmt 
YeUow 
Yellow 
Yellow 
Orange 
Orange 
Orange pmk 
Orange pmk 
Orange 
White 


Site 

General 

Areas contammated with foot mucus 

Lip and operculum 

Shell of orange form 

Visceral stem 

Lip 

Lip 

Lip 

Contemed eggs 


• Identification based on Bntish Museum labels 


Land and fresh 'water gastropods 

Witb the exception of Theodoxus, we detected no 
porphyrin in the shells of any firesh water forms 
Long senes of land ojierculates and pulmonates of 
all groups were equally negative The observation of 


phyrm m the dermis of slugs, while tellmg 
argument based on photosensitizmg effects, has 

iounterpart m our study of shells 

ink or orange-pink fluorescence of a very low 
3 r, not extractable by acid, was observed m a 
iber of land shells The species concerned were 
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all white, xerophihc or desert forms, and mostly m 
a weathered or sunbaked state, a control series of 
fresh material bemg negative The pigmentation was 
patchy, confined m some cases to the brown bands, 
and m others to areas which had been m contact with 
the ground or with moisture The species concerned 
were Rximina decoUata, Ena detnta, E exiUs, 
Stropliia uva, Qeomiira nUidiuscula, Otala lactea, 
Eremina desertorum 

One species {Buliniulus i cental) showed mtenser 
orange pmk fiuorescence, not typical of porphyrm, 
and most marked m the youngest parts of the shell 
No material was available for extraction 

We regard tins pmk fluorescence as of non-por- 
phyrm ongm, due possibly to the existence of fluor- 
escent, crystaUme forms of calcium carbonate m old 
Bhells 

Pelecypoda 

Beside Pteria {Pinctada), whose fluorescence was 
first noted by Biseher & Jordan (1930), porphyrins 
occur m some Anomiidae {Placuna and Emgmonia), 
m Pinna, and m MaUeua, Isognomon, VidseUa The 
only higher bivalves m which we found any trace of 
red fluorescence were Venus {OlauaineUa) fascutta, 
Qafranum divancatum and Sunetta aolandrei Apart 
from these three species, the porphyrm-contammg 
bivalves have a superficially similar shell structure 
and a tendency to produce rays of brownish or 
purplish pigment which, m many mdividuals, is non- 
fluorescent MaUeua vidgans, which produces large 
amounts of easily extractable acid-soluble violet 
pigment, shows streaks of porphyrm m the region of 
the hmge The extract is not fluorescent m solution 
M regula was found to contam small amounts of 
extractable porphyrm with large quantities of other, 
chromatographically distmct, pigment 

Anatomical distribution 

Shell porphyrm fluorescence is of four mam types 
(i) Generally diffused, (u) sharply comcident with 
the visible pigmentary pattern , (m) localized m non- 
pigmented or famtly pigmented areas which are con- 
stant for the species, (iv) confined to one or rnore 
bands m a visible pigmentary pattern 

Forms showmg general difiusion mclude some 
Tnvia, and several FissureUa Pigmentation of the 
second type is of great mterest, smce porpbynn may 
be absent from the pigmented areas of two otherwise 
identical shells, and its mtensity bears no relation to 
that of visible pigment The third type of distribu- 
tion suggests the association of porphyrnn deposition 
with a particular organ, the visceral hump of 
Umbraculum, or the columellar mantle m some 
Troclii TJmvalves frequently show localization, if 
any , m the region of the mouth, porphyrm bomg 
confined to the umbihcal callus m some Umbonium, 


to a pmlc band m others to a patch on the hp in 
I/ithopoma, to the callus occupymg the site of the old 
protoconch m Qibbula cineraria, and, as already 
mentioned, to the chlamydogenous areas of many 
Cypraeids Comcidence with a band, usually pink, is 
most marked m Aplustrum and some species of 
TJrnbonium and Neritina In Pinna, pigment is often 
confined to a small area inside the valve and near tjie 
middle 

Coincident pigment The visible pigments of por- 
phyrm-contammg forms show an emphatic pre- 
ponderance of purple, red, and brown In pig- 
mentary patterns of type (n) above, the comcident 
pigment may be black {Lwona pica), scarlet {Tro- 
clius niloticus, Glancidus puniceus), pmk {Aplustrum 
amplustre) or brown {Pteria) 

In some cases there is defimte correlation between 
the brightness of fluorescence and the depth of 
colour of the seasonal pigment varices, but closely 
related species, or mdividuals of the same species, 
of identical colour, show wide variation m the por- 
phyrm content, and m almost all instances the por- 
phyrm fraction IS chromatographically separable 
from the mam coloured material In Tnma pedi- 
culua the whole dorsum except the brown spots 
fluoresces m the closely similar T merces the posi- 
tion IS reversed 

Site In no instance have we found porphyrm m 
nacreous shell, though it may occur m callus laid 
down by the somatic parts of the mantle In many 
forms it is sharply confined to the surface layer of the 
shell, next to the periostracum, where this is present 
In Placuna, which has a laminar structure rather 
like mica, the pigment is sandwiched between the 
layers of shell 

Relation to baemoglobins 

MoUuscim haemoglobins may be cuculatory or 
confined to the raduJar muscle We could not estab- 
lish any relation between the occurrence of pyrroho 
respiratory pigments and the presence of shell por- 
phyrm Forms such as Area and Planorbia, which 
are known to have red blood, are devoid of shell por- 
phyrm 

Individual variation 

Of twenty specimens of Veenus {Olausinella) 
fasmata, only five showed fluorescence, and m two of 
these mtense fluorescence was noted One of the 
brightest specimens belonged to the permanganate- 
coloured variant, though comparable purple vari- 
ants of Dosinia and several other Veneridae con- 
tamed no detectable porphyrm Fluorescence m the 
other two venends was likewise confined to pmk 
or purphsh specimens 

In Tnvw, monacha, Gypraea isabeUa, G mappa, 
and G cinerea, non-fluorescent mdividuals are not 
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uncommon, and mtermodiato forms 8lio'\\'mg por- 
phyrm only round tbo mouth and m the termmal 
calli also occur 

Fluorescence is often most marked m small 
examples of a species, as though dilution by shell 
matter were talcing place 

Individual variation m most forms is as marked as 
variation m the visible intensity of pigmentation, 
and it IS, therefore, impossible to exclude porph>Tm 
formation "without examming long series In the 
light of this finding, a number of our negative results 
may well bo revised by more extensive studios 

Eclahon to body colour 

Smeo shell porphjTins are almost cortamlj' a pro- 
duct of gradual accumulation, high concentrations 
of fluorescent material are not necessarily to bo ex- 
pected m the mantle Tlus important study could 
not be pursued m the most smtablo forms, such ns 
Ptneiada, but in the British Trivia fluoroscopy of the 
lumg animal showed no evidence of largo tissue 
concentrations of porphyrms The siphon and mantle 
borders exliibit slight reddish fluorescence, but the 
mam pigment, an orange, acetone soluble material, 
proved to be a complex mixture of carotenoids, 
givmg seven zones on cliromatography, vhile ex- 
tracts of the ground animal m 0 2N-hydrochlonc 
acid showed no red fluorescence whatever if free 
from shell fragments Tlie bright orange faeces of 
Tnina are also without fluorescence 

Relation to calcium metabolism 

The irregularity with which porphyrms occur m 
shells, and the high concentrations which exist m 
many thm, poorly calcified forms, do not suggest that 
they play any major part m shell deposition, al- 


1949 

though they are known to appear m the dart sac of 
Hdicids durmg the process of calcification (Kuhnelt, 
personal commimication) Tlie extremely lugh con 
contrations present m many forms favour the idea 
that porphjTms are secreted with the shell as ameans 
of disposal 

Relation to molluscan taxonomy 

Our findmgs for distribution agree well with the 
anatomical classification of Thiele (1929, 1931) 
Porphyrins, although absent from recent species of 
Plcurotomaria, and replaced by other pigments in 
Habotis, appear to be widespread among the less 
spociabzod Archaeogastropoda Apart from outlying 
forms such ns Marginella and the few Venendae, 
the other porphyrm-dopositmg groups are almost 
equally clearcut In Cypraca, for instance, the sub 
genus Luna, created on anatomical groimds, isaself 
contained focus of porphyrm deposition Even the 
superficial 8irmlaritj>- of appearance between Erato 
and Marginella, unrelated forms, appears to be 
accompanied by a convergence of pigment meta 
bohsm The comparative biochemistry of such re 
semblances should certainly be studied fruther 

Direct spectroscopy of shells 

Porphyrm spectra were obtamed m a number of 
bivalves and m Umbrella by direct transillummation 
of the sheU Fischer & Jordan (1930) had exammed 
‘ Plena radiata ’ by this method, and found bands at 

0321-0168 6882-6060 6608-5408 6172-4979A 
max 0244 6760 6468 6076 

Our own readmgs for porphyrm-contaimng and 
control species were as follows (Table 3) 


Table 3 Absorption specti a 


Umbraculum mediierraneum (edge) 
U mediierraneum (visceral stam) 

* Plena cJnnenets 

* P caslanea 

* P rufa 

* P htrundo 

* P electnna 

* Emgmonta entgmaiica 

* Placuna sella 
Venus fasciola (pink) 

* Umbraculum cumingii (edge) 

U cumingn (visceral stam) 
Chlamys Uncta (yellow form) 

O Uncia (orange red form) 

G Uncta (red form) 

O Uncta (orange form) 


of shells by direct iransiUimnnation 
Abs maxuna (A.) 


Nil 

6220 6900 6466 
6210 6804 6480 
0200 6966 6420 


6976 6490 

_ 6140 

_ 6046 

_ 6042 

low intensity ±20 A 


Probable error m estimating maxima of very 
* Identification baaed on British Museum labels 
■]• Limit of transmission m the red 


oooot 

7100t 

oooot 

7000t 


5120 

6010 

6095 

6010 

6016 

6036 

6000 

6000 

5070 

6010 

6010 

6000 

4960 

6000 

6000 


Eluoresoence 

Nil 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Nil 

Yes 

Nil 

Nil 

Nil 

Nil 
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The scope of the present work is limited to the 
general distribution of red fluorescence m shells Of 
the spectral hands detected some at least are due to 
concomitant pigments of non-porphyrm character 
which have been separated ohromatographically 
Details of these, and of the chemistry of isolated shell 
porphyrins, will be published m forthcommg com- 
mumcations 

SUMMABY 

1 The distribution of red fluorescence m mol- 
luscan shells is described It is absent from land and 
fresh-water forms, and commonest m the Archaeo- 
gastropoda, appearmg also m the Lamellanacea, 
certam Cypraeidae, the tectibranoh opisthobranclis. 


Umbraculum, the pearl oysters, and sporadically 
elsewhere Tlie limits of distribution comcide closely 
with the existmg anatomical nomenclature 

2 Porphyrins m shells are commonly associated 
with a wide variety of other acid-soluble pigments 

3 Both these and the porphyrins are at present 
under fuller mvestigation, of which details will 
appear separately 

Thanks are due to Dr W Rees and Dr L R Cox of the 
British Museum of Natural History, to ilr B Wmckworth, 
F L S , for his assistance with nomenclature, to Mr J R le 
B Tomlm, and to Mr E M Jope of the London Hospital 
Spectrographic Laboratory The cost of the mvestigation 
■was home by the Yarrow Research Fund of the London 
Hospital Medical College 
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Characterization of Sugar Components of Proteins 

By ROSA FRIEDMANN, Wellcome Physiological Research Laboratories, Beckenham 

{Received 27 May 1948) 


Carbohydrates form an mtegral part of many bio- 
logically active complexes and the problem of their 
estimation m the presence of protem is common The 
classical methods are mapphcable to the small 
amounts generally mvolved, and numerous colour 
reagents have been used for the detection of various 
sugars Tlierr number and the modifications of the 
few reactions which have been developed on queinti- 
tative Imes reflect tbe existmg state of dissatis- 
faction A critical mvestigation of the problem 
seemed desirable 

The ideal of a specific -visible absorption assay for 
each sugar has not been realized, nor has it been 
possible to find a reagent givmg equal colom 
intensities for equal quantities of sugar, irrespective 
of the configuration, so that current methods necessi- 
tate quahtative characterization before quantitative 
estmiations can be attempted 


Colour reagents for sugars are either phenols or 
polyphenols -with the substituents m the meta 
position (thymol, phloroglucmol, a- and ^-naphthol, 
resorcmol, orcmol), or mtrogenous compounds, such 
as mdole, skatole, diphenylamme, urea or guamdme 
A range of thirty -two compounds of these two types 
was exammed under standard conditions m concen- 
trated sulphuric acid solution for colour formation 
with four representative hexoses, namely mannose, 
galactose, glucose andfructose In every case colours 
were obtamed, and distmction between mannose and 
galactose on the one hand, and glucose and fructose 
on the other hand, was possible Mannose and galac- 
■tose, however, showed similar absorption spectra 
Fructose gave colour reactions more mtensely and 
more qmckly than the aldo sugars The absorptions, 
especially m the case of the aldo sugars, were not 
mtense enough to warrant a quantitative mvesti- 
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gation, particularly as many colours were not stable 
and sometimes the reagent itself gave a colour re- 
action m the absence of the sugar although the 
spectra of these ‘ blank ’ colours were usually distmct 
from those of the sugars 


1949 


experimental 

Orcinol method 

The procedure was essentially that of Serreusen & Haugaard 
(1933) Oromol, usually pmk as supphed, was recrystalhzed 



Orcmol method the qualitative (A, B and C) and quantitative (D) determmation of mannose -f-H-#+++j 8^ 
aotose — X — , glucose - - A- - and fructose — □ — A, variation m percentage transmission with time (Ilforu 
spectrum filter 602), B, variation m percentage transmission with time (Ilford spectrum filter 604), C, venation 0 

, , percentage tramsmission with Ilford spectrum filter 602 ^ ^ tnins 

the ratio 5 — with time, D, venation m percentage trans 

percentage transmission with Ilford spectrum filter 604 
mission with the concentration of the sugars (Ilford qiectrum filter 604) 


A closer mvestigation of the more prormsmg 
reactions led to the conviotion that of the two 
reactions which have so far been developed on 
quantitative hnes, those with orcmol and carbazole 
are outstandmg, with skatole as a possible third 
A detailed comjianson was, therefore, restricted to 
these three methods 


from benzene until white crystals were obtamed A 1 6% 
solution (modification by Hewitt, 1937) keeps well 
prepared precisely as descnbed by Sorensen 4/ Haugaard 
(1933), 1 e 1 6 g of oromol is dissolved m 50 ml of distilled 
water, and the volume made up to 100 ml with the grade 
of HjS 04 speci6ed for the reaction Filtration through a 
smtered glass crucible over a thin layer of washed (30% 
H.SO4) supercel removed mmute pmkish brown floeculcs 
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wluoh appear to act as centres of decomposition and 
crystallization Sponteneona crystallization may take place 
at temperatures belo-w 16° and lower temperatures should 
be avoided The reagent is light-sensitive and must be 
stored m tbe dark, it should be colourless and must be re- 
jected when it acquires a pinkiah-brown tmt In place of 
Sorensen’s 2 0 ml , 2 6 ml of the reagent were used 

As qualitative characterization in this method is based on 
the varying rates of colour formation, necessitating the 
determination of colour development before completion of 
the colour forming reaction, rigid standardization is all 
important Results obtamed with reaction times of 
3-7 Tnin , which contnhute most of the oharaotenstio port 
of the time curve for any particular sugar (see Fig 1), are 
reproducible only under optimum conditions of t uni ng and 
temperature control We armed at an accuracy of ±2 sec , 
(see also Eunington, 1940), and a maximum temperature 
vanation of ±0 3° Smce the orcmol colours are bght- 
sensitive (Sorensen & Haugaard, 1933 , Hewitt, 1937 , 
Runmgton, 1940), particularly those obtamed with reaction 
tunes of 3-7 mm , reproducible tune curves are obtainable 
only when the solutions are shielded from bght, not only 
durmg coohng before the tubes are read, but also during the 
heating on the water bath and while readings are taken on 
the absorptiometer The reaction bath, of circular shape 
(Sorensen & Haugaard, 1933) with the tubes arranged 
around tbe periphery, was totally enclosed, an efQoient 
stirrer being mtroduced through a hole m the centre of a 
slidmghd Evaporation was minimized by floatmg a film of 
liqmd paraffin on the surface of the water, the level of which 
was kept constant The reaction was terminated by im- 
mersion m an ice bath. After 20 mm m the dark, the tubes 
were transferred to wooden boxes with well fittmg shding 
lids, and after a further 30 mm the colours, were read m 
a photoelectno absorptiometer of the shde-baok voltmeter 
type of conventional design (MflUer, Garman & Droz, 1943) 
Ilford spectrum filters 602 and 604 were used m place of 
S 63, and S 43 (Sorensen & Haugaard, 1933 , Runmgton 
1940) When aU these precautions were stnctly adhered to, 
tune curves for the quahtative characterization of sugars 
were reproducible firom day to day 

The quantitative estimations are less sensitive to vana 
tions The tune curves, obtamed by plotting percentage 
transmission against reaction tune, become parallel to the 
abscissa after 16 mm (Fig 1) Slight inaccuracies mtimmg 
or temperature control are thus not as important as m the 
steep part of the curve, and for the range 0 04-0 16 mg 
hoxoso/ml , a straight hne relationship holds good, a con- 
venient slope IS obtamed with Ilford spectrum filter 604 
after 20 mm heatmg In the dark, the colours remamed 
stable for several hours It is not necessary to repeat 
standard curves every day A weekly check, repeated when 
reagents were renow^, was found to bo sufficient 

Wo can confirm the observations of Sorensen (1936) and 
of Hcintt (1937) that the slightly coloured solutions ob- 
tained by beating the protem solutions with the reaction 
H.SO 4 m the absence of orcmol, do not represent true 
‘ blanks ’ Thej are a source of error when used as blank 
corrections m the conventional sense, and should be 
omitted 

The influence of ammo acids on the reactions with the 
pure sugar solutions was tested by means of an ammo aad 
mixture of the following composition glycme 30, alonme 
40, glutamine 40, histidine 2, argmme 2, cystme 4, trypto- 


phan and tyrosme 0 6 parts From the percentage trana 
mission figures given m Table 1, it can be seen that there is 
some shght mterferenco which moreases with mcreaamg 
amounts of ammo acids However, these shght deviations 
from the figures obtamed with pure sugar solutions cancel 
out when filter ‘ratios’ are used for the characterization 

Table 1 Orcinol method effect of an amino acid 
mixture on percentage transmission for four 
hexoses 

(Concentration of the sugar solutaons, 0 02%, time of 
heatmg, 7 min , 1 e time of largest contrast m colour 
response Ilford speotmm filters 602 and 604. The figures 
are m each case the means of ten estimations ) 


Percentage trans 
mission with filters 


Sugar 

ammo aoid ratio 

t ^ 

602 

604 

Ratio 

602/604 

Mannose 

Ammo acid mixture 

436 

460 

0 97 

1 1 

432 

46 0 

0 96 

1 4 

428 

438 

0 98 

1 40 

46 0 , 

460 

0 96 

Qaleictose 

Ammo acid mixture 

43 2 

32 2 

1 34 

1 1 

442 

33 6 

132 

1 4 

440 

33 2 

132 

1 40 

448 

36 0 

128 

Glucose 

Ammo acid mixture 

612 

61 8 

0 99 

1 1 

69 2 

60 6 

0 98 

1 4 

610 

612 

1 00 

1 40 

612 

613 

100 

Fkuctose 

Ammo atnd mixture 

69 0 

73 2 

0 81 

1 1 

68 2 

72 8 

0 80 

1 4 

69 2 

74 0 

0 80 

1 40 

60 2 

74 8 

0 81 


Garbazole methdd 

Gunn & Hood’s method (1939) was strictly adhered to 
The degree of punty of the reaction acid and the carbazole 
reagent are cntical for success Occasionally, batches of 
H,SOi (A R ) were unsmtable because of an impunty 
giving rise to fluorescence 

Purification of carbazole may be effected convemently by 
chromatographic adsoiption Savoiy and Moore’s alumma, 
standardized according to Brockmann, was used as the 
adsorbent and benzene as solvent The impunties were re- 
tamed on top of the column, even m the case of very impure 
commercial preparations The narrow deeply coloured band 
on top may be separated mto a deep blue, a yellow, a pink 
and a brown zone by subsequent washi^ with benzene 
Washing was discontmued when the brown zone reached 
the bottom of the column and the carbazole was recovered 
firom the eluate m 80% yield One recrystaUization from 
ethanol gave a white stable product Less pure prepare 
tions become unsuitable for use withm a few days Even 
shght impurities caused the appearance of pmk and green 
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tints m the blanks, making quahtative characterization im- 
possible and mtrodncmg erratio errors m the quantitative 
estimations 

The rate of colour formation was found to be approxi- 
mately the same for all four hexoses, regardless as to whether 
the reaction was earned out at 60, 80 or 100°, except for 
finictose where maximum colour development is obtamed 
after 6 mi n at 100° Time curves are, therefore, not sufS 
ciently distmotive for a quahtative characterization, hut 
the differences m the specific absorptions between the 
vanous sugars are greater than in the oremol method 
(Fig 2) and Gunn & Hood (1939) have made use of filter 
‘ ratios ’ The set of Ilford spectrum filter ratios used by us is 
mdicated m Table 2 

Table 2 Garbazole method compartson of percentage 
traiwmtsmon ratios obtained with mannose, galac- 
tose and glucose in the presence and absence of 
40 times as much amino aaids 


Hford spectrum 

604 

604 

607 

607 

filter ratio 

601 

602 

604 

601 

Mannose 

1 76 

109 

1 64 

2 78 

Mannose -1- ammo acids 

1 76 

1 11 

1 60 

2 78 

Galactose 

1 22 

0 92 

1 64 

2 01 

Galactose -(-ammo acids 

1 22 

0 88 

1 67 

2 04 

Glucose 

0 71 

0 64 

2 02 

1 44 

Glucose -(- ammo acids 

0 74 

0 66 

2 02 

161 


Ammo acids containmg an aromatic nucleus mterfere 
with the reaction (Gunn & Hood, 1939), and hexose figures 
obtamed with the oarbazole method are for this reason 
shghtly higher than those obtamed with the oremol method 
(see Table 4) Table 2 shows that ammo acids mterfere 
little with the quahtative characterization H the mdicated 
range of ratios is used, differences due to ammo acids cancel 
out The same ammo acid mixture as m the oremol method 
was used 

Skotole method 

Colour reactions of sugars 'with skatole were first 
described by Weehuizen (1907) who used hydro- 
chloric acid Dische & Popper (1926) investigated 
the reaction, using sulphuric acid They did not, 
however, extend their investigations because skatole 
itself was found to give a red colour in the absence of 
sugar We found that a deep purple was formed 
wit hin 4 mm on a bolhng water bath and that the 
same colour is eventually reached on prolonged 
standmg at a lower temperature Although this 
colour IS qmte distmct firom the ‘sugar’ colours 
(Fig 2), it IS fairly mtense A specific absorption 
fflter could not be devised, but it proved possible to 
reduce this blank value considerably by workmg at 
80° instead of at 100° and choosmg smtable concen- 
trations ofthe acid and the reagent Fig 3 shows that 
the optimum concentrations of sulphuric acid and 
skatole are 86 (v/v) and 0 6 % (w/v) respectively, 
giving mtense colour formation with the hexose and 
relatively httle colour m the blank 

The skatole colours are fight sensitive, and have to 
be protected as m the oremol method In the dark. 
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after heatmg tunes of 16 min , the colours are stable 
for several hours Solutions which have been heated 
for 6-10 mm darken more qmckly, and should 
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always be read exactly 1 hr after removal ftom the 
water bath Temperature control and timmg is as 
critical as m the oremol method and for the same 
reasons 



Apparatus The reactions rvere earned out ux an enclosed 
water hath at 80±0 3° Timing was earned out with a stop 
clock, and the colours were measured photoelectncally m 
I cm all glass cells 

Reaction acid 85 % (v/v) H{SOi (A R ), obtamed by 
adding 8 5 vol ice cold cone acid to 1 6 vol of water, with 
external ice cooling 


% {*/«) H,SO 

0 10 40 10 « so £0 70 W M 100 



01 OS 1-0 2-0 JO 

% tiucolc 


Fig 3 Top, effect of variation in sulphunc acid concentra- 
tion on percentage transmission, — □ — reaction of 
skatole with sulphunc acid m the absence of sugar, 
— ■ — reaction of mannose with skatole m sulphunc 
acid Bottom, effect of variation m skatole concentration 
on percentage transmission, — O — reaction of skatole 
vnth sulphunc acid m the absence of sugar, — • — re 
action of mannose with skatole m sulphunc acid 
(Ilford spectrum filter 604, tune of heatmg at 80±0 3“ 
15 ram ) 

Skatole Commercial preparations contam a yellow and 
a pink impunty The former may be removed by reoxystal 
hzation from hght petroleum, the latter by recrystallization 
from aqueous ethanol until the base is obtamed m a pure 
white state A 0 6 % (w/v) solution m 96 % ethanol, which 
must bo colourless, keeps practically mdefimtely when 
stored in the cold 

Procedure 0 04-0 25 mg carbohydrate m 1 ml of 
solution was measured mto wide hoiling tubes (3 5 x 20 cm ) 
and the solution cooled m an ice bath 0 2 ml. of the 
skatole reagent w as added with a micropipette, followed by 
0 ml of the reaction HjSO^ Qmck mmng was achieved 
hi moans of a flattened glass rod The reaction was allowed 
to proceed at 80° m the dark and was mterrupted at smtable 
time mton ols by plungmg m ice water A standard tune of 
30 nun in the dark was allowed before removmg the tubes 
to the light protected boxes Readings were taken after a 
further 30 mm 

Quahtalne cliaractcnzahon 


Bunilar to those obtained with carbazole ' As m the 
latter method, quahtative characterization would be 
possible by means of a suitable set of percentage 
transmission ‘ratios’ 

2 Hates of colour formation As with oremol, the 
rates of colour formation (Fig 4) vary with the con 
figuration of the sugar, and allow better distmctions 
to be drawn between the sugars than the use of 
differences m specific absorptions The hght filters 
601 and 604 were chosen for the construction of the 
time curves because their transmission ranges com- 
oide roughly with the peak ranges m Fig 2 

3 Use of ratios By plottmg a ratio of the per- 
centages of hght transmission obtamed with the 
filters 601 and 604 against reaction time, character- 
istic curves were obtained for the various sugars 
which were mdependent of concentrations over the 
range where Beer’s law is obeyed (Fig 4) 

Quantitative estimations 

Quantitative estimations are agam less sensitive 
to experimental variation than quahtative charac- 
terization, for the same reason as m the oremol 
method Beer’s law is obeyed withm the range of 
0 04-0 24 mg hexose/ml Although the colours 
obtamed after heating for 20 mm were more stable, 
a period of 16 mm was chosen because mterference 
from the ‘blank’ colour becomes pronounced after 
this tune Filter 604 proved more suitable than 60 1 

Influence of amino-amds and glucosamine 

In the presence of ammo -acids, the initial rmxmg 
m. the ice bath has to be done very gradually, or tmts 
differing from those of the pure sugar solutions are 
obtamed, and the shape of the tune curves becomes 
distorted If yellow tmts are observed durmg the 
mixmg m the ice bath, the particular tubes must be 
discarded The ammo acid mixture used m the 
previous experiments was agam employed 

Fructose showed a greater mitial rate of colour 
formation than the aldoses An orange-red colour 
formed immediately on mixmg m the ice bath, 
although the mtensity reached m the water bath at 
80° was not much greater than that obtamed with 
the aldoses The mitial velocity of the reaction was 
such that the different stages couldnotbe reproduced 
accurately durmg the gradual mixmg of the reagents 
which 18 necessary m the presence of amino-acids, 
and fructose, although readily recogmzed, cannot be 
estimated m then presence As m the other two 
inethods, glucosamme, m quantities up to 40 tunes 
those of the hexoses, did not mfluence the reaction 


1 Specific absorption A comparison with Fie- 2 XVJ, 
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working range of the given methods, i e 0 04- 
0 20 mg /ml By comparing the tmta, or better the 
absorption spectra, given by the unknown with the 
orcmol, oarbazole and skatole teagents with those 
obtamed with a number of different pure sugar 
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approximations m winch all three methods play their 
part 

A purified folhcle stunulatmg firaction of pregnant 
mares’ serum (P M S W lii) assaying 260 1 u /mg 
protem was analyzed by all three methods Pig 6 



Eig 4 Skatole method the quahtative (A, B and C) and quantitative (D) determmation of mannose +++•+++> 
galactose — x — , glucose - - A- - and jfruotose — Q — A, variation m percentage transmission with time (Ilford 
spectrum filter 601) , B, vanation m percentage transmisaion with time (Ilford speotrum filter 604) , C, vanation of the 


percentage transmission with Ilford speotrum filter 601 ^ 

ratio with tune, D, vanation in percentage transmission 

percentage transmission with Ilford speotrum filter 604 
with the concentration of the sugars (Ilford speotrum filter 604) 


solutions of similar concentration, a prehmmary 
workmg hypothesis may be arrived at The carbazole 
‘ratios ’ may then be used for a rough characteriza- 
tion which can be earned out qmckly The indicated 
possibihties can then be further mvestigated by 
means of tune curves accordmg to the orcmol and 
skatole methods Tlie approximate quahtative com- 
position may thus be determmed by a senes of 


gives a comparison of the ratio tune curves of this 
sample with that of mannose, galactose and an 
eqiiimolar mixture of these two sugars obtained with 
the orcmol and skatole methods In both cases, the 
shape of the curve obtamed with the P M S sample 
IS consistent with the assumption that the carbo- 
hydrate component of this serum fraction is made up 
of equal amounts of mannose and galactose The 
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results obtamed "with tbe carbazole metbod using 
four different percentage transnussionratios, in place 
of Gunn’s (1942) one ratio, are also consistent with 
this view (Table 3) Fructose is certamly absent smce 
no colour is formed with skatole m the cold Although 
it IB conceivable that the presence of glucose might 


The carbazole and skatole values for hexose tend to 
be higher than those obtamed with orcmol, but 
analysis shows that these drEferences are statisti- 
cally insignificant as far as the skatole and orcmol 
methods (P=0 4) are concerned, and only at the 
verge of significance vfith respect to the carbazole 


E' 

C 

c: 


ec 



Time (min) Time (min) 


Fig 6 A companBon of the ratio time curves (see Figs 1 and 4) for mannose — • — , galactose — x — , an equimolar 
mixture of mannose and galactose — 0 — , and a purified fraction of pregnant mares’ serum (P M S WjIII) - .-A---, 
as obtamed mth tbe orcmol metbod (A) and tbe skatole metbod (B) 


pass unnoticed m the orcmol method m the presence 
of a mixture of maimose and galactose (see Fig 1 C), 
it would be obvious m the skatole method (Fig 4 C) 
and can also he excluded In view of the distmction 
between maimose eind galactose m the orcmol 
method, it is reasonably certam that the sugar com- 
ponent of P M S W in 18 not pure maimose or pure 
galactose 

The proteins of normal horse serum and of the 
sera of horses immuni zed against the toxins of 
Oorynebactcnum dtphthenae, Glost'ndxumperjnngena 
and Gl tctam were purified by several precipitations 
with ammomum sulphate and finally dialyzed 
against runnmg tap water to remove any residual 
imcombmed carbohydrates There was no difference 
either by the skatole, orcmol or carbazole method, m 
the ratio time curves of these sera, which were agam 
consistent with an equimolar mannose-galactose 
composition 

The sugar component of the P M S sample was 
dotenmned quantitatively 12 tunes by each of the 
three methods An equimolar mixture of maimose 
and galactose was used for the standard curv'e 
Table 4 shows that the accuracy and reproducibihty 
is of the same order of magmtude for aU three 
methods, but that the orcmol method gives a lower 
coeniciont of \ ariation than, the other two methods 


Table 3 Carbazole method comparison of percentage 
transmission ratios obtained with a purified follide- 
stimidating fraction of pregnant, mares' serum 
(P M S W m), mannose, galactose and an equi- 
molar mixture of mannose and galactose 


Ilford spectrum 

604 

604 

607 

607 

filter ratio 

601 

602 

604 

601 

Mannose 

192 

1 13 

148 

2 94 

Mannose 

1 65 

1 04 

166 

2 50 

galactose = 1 1 

pjds wra 

1 60 

1 03 

1 63 

248 

Galactose 

1 27 

0 93 

168 

2 00 


Table 4 Statistical comparison of the three methods 


(Twelve estunations of tbe sugar component of a folhcle 
stimulating fraction of pregnant mares’ serum by each 
method.) 


Method 

Orcmol 

Carbazole 

Skatole 


CoefiScient 

Mean mg of 

hexose/g Standard vanation Standard 


pro tern 

deviation 

(%) 

error 

41 8 

1 16 

2 77 

0 34 

43 2 

1 63 

3 74 

0 47 

423 

1 67 

3 95 

0 49 

-^ordnol CArbuole — ^ ^ 



■^orduol, Bkatole ^ 




orcinol — ^ ^ 
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and.orcmolinetliods(P = 0 04) There is no significant 
difference between the figures obtained by the carba- 
zole and skatole methods (P = 0 2) 

DISCUSSION 

A large number of mtrogenous and phenolic com- 
pounds form distmct coloured products with carbo- 
hydrates The reactions with orcmol and carbazole 
have been studied m detail (Sorensen & Haugaard, 
1933, Gurm&Hood, 1939), both methods have been 
applied widely, but have also been subject to many 
criticisms We have now added the skatole method 
as a third alternative All the methods suffer from 
lack of precision and lack of specificity, unless rigidly 
standardized Small variations m the concentration 
of the acid and the colour -forrmng reagent or minute 
amounts of impurities mfiuence the mtensity and 
tmt of the resultmg colour A variety of carbonyl 
compounds other than carbohydrates also give 
mtensely coloured products with these reagents 
(Table 6) The significance of aU colour tests for the 
quahtative characterization of sugars has been 
questioned (Meyer, 1938, 1946) 

Table 5 Colour reactions of carbonyl compounds other 
than carbohydrates with orcmol, carbazole and 
skatole 

(Concentration of carbonyl compound 1 mg /ml ) 



Orcmol 

Carbazole 

Skatole 

Formaldehyde 

Bright 

Deep blue 

Dark brown 


orange 

precipitate 

precipitate 

Benzaldehyde 

Yellowish 

white 

precipitate 

Hasp berry 
red 

Deep red 

Vanillin 

Blood red 

Famt mauve Deep clear 
ruby red 

Acetone 

lake blank 

lake blank 

Like blank 

Blank 

Nearly 

colourless 

Famt grey 

Famt pmk 


The present mvestigation shows that quantitative 
estimations are less subject to variation than quahta- 
tive characterizations , absolute quantitative figures 
may be obtamed qmckly and accurately (Table 4) 
provided the quahtative composition of the carbo- 
hj'-drate complex is known 

Quahtative characterization is possible withm 
hmits by adhermg precisely to the given details of 
the methods and makmg use of all three methods m 
the analysis The orcmol method distmguishes best 
between finictose and galactose (Fig 1 C) Less than 
20 % galactose cannot be detected m the presence of 
80 % mannose and vice versa (Fig 6) Only 1 1 
mixtures of glucose and mannose may be resolved 
With respect to quahtative characterization, the 
carbazole method has the attraction of greater speed, 
but there is less differentiation than m the orcmol 
and skatole methods, an eqmvalent mixture of 


glucose and mannose cannot be distmguished from 
galactose (Gurm & Hood, 1939), and only 1 1 
mixtures of any two sugars can be resolved (Table 6) 
The skatole method distmguishes best between 
glucose and mannose where admixtures of less than 
20% are recognizable An equimolar mixture of 
glucose and mannose cannot easily be differentiated 
from galactose (see Fig 4 C) It -^^1 be remembered 
that finictose is readily distmguished from the 
aldoses 



Fig 6 Orcmol method Characterization of mannose and 
galactose m the presence of each other by means of ratio 
time curves (see Fig 1) — 9 — galactose alone, 9 80% 
galactose -f 20% mannose, Q 60% galactose +40% 
mannose, O 40% galactose + 60 % mannose, O 20% 
galactose + 80 % mannose, — O — mannose alone 

Quantitative estimations are qmckest with the 
orcmol method, smce no special care needs to be 
taken over the mitial mixing of the reagents, a 
critical pomt m the carbazole and skatole methods 


Table 6 Carbazole method comparison of the per 
centage transmission ratios obtained for mannose, 
galactose and mixtures of the two sugars 


Ilford spectrum 
filter ratio 

Mannose (M) 

M Ga=80 40 
M Ga=l 1 
M Ga=20 80 
Galactose (Ga) 


604 

604 

607 

601 

602 

604 

1 89 

1 16 

1 48 

1 67 

107 

1 48 

162 

100 

161 

1 34 

0 97 

167 

1 22 

0 93 

1 67 


607 

601 

2 85 
240 
240 
204 
192 


Holzman, MacaUister & Niemann (1947), usmg pure 
sugar solutions, have mvestigated the variables m 
the carbazole reaction Following Seibert & Atno 
(1946), they added the carbazole m the sulphuric 
acid reagent, with better control of the amount of 
carbazole added, which they showed to be cnticol 
However, the new reagent is not stable, and the 
precision of the modified procedure is the same as 
that of the ongmal method (2—6 % m pure sugar 
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solutions) Protein analyses made by Seibert & Atno 
(1946) usmg Gunn & Hood’s (1939) carbazole method 
show vanations of 6—6 % (three estimations), while 
we find a coefficient of vanation of nearly 4% 
(Table 4, twelve estimations) Staub & Rmungton 
(1948) state that results obtamed by the carhazole 
method are higher than those with orcmol, which 
appears to be borne out by our analysis, although the 
statistical significance of this difference is doubtful 
(P = 0 04) Under the given precise conditions, the 
orcmol method gives more consistent results than 
the carbazole and skatole methods (coefficient of 
variation of 2 77 %, compared with 3 74 and 3 96 % 
respectively) and there is very httle mterference by 
protem (Table 1) Apartfromanyspecificammo-acid 
mterference, the high reaction temperature (carha- 
zole method) and the high acid concentration lead m 
the carbazole and skatole methods to the production 
of more coloured decomposition products than 
can. develop under the conditions of the orcmol 
reaction 

The skatole method is perhaps the most satis- 
factory qualitative method, smce it combmes the 
possibihties of the orcmol and carbazole methods for 
cliaractenzation, but it unfortunately also shares the 
disadvantages of both procedures Fructose, al- 
though readily recogmzed, cannot be estimated 
quantitatively by this method m the presence of 
protem 

Some comment is needed on the nature of the sugar 
component of P M S , smce our findings are at 
variance with those of Li, Evans & Wonder (1940) 
and Gurm ( 1 942) 'Lietal , usmg a modification of the 
orcmol method, claim that the carbohydrate com- 
ponent other than glucosamme is galeictose, while 
Gurm’s results with the carbazole method mdicate 
galactose or an equimolar mixture of glucose and 
mannose Rmungton & Rowlands (1941, 1943, 1944), 
usmg the orcmol method, chose an equimolar mix- 
ture of mannose and galactose as the basis of the 
hoxose estimations tliroughout their work on P M S , 
because the tmts obtamed with this mixture corre- 
spond closely to those obtamed with P M S prepara- 
tions Our more detailed mvestigations of tins 
particular pomt by means of tliree different methods 
confirm their findings 

Summmg up, it can be said that the mam value of 
t ho colour reactions m\ estigated hes m the followmg 


(1) To find qmckly and accurately quantitative 
differences m the sugar contents when concentratmg 
natural products The nature of the sugar does not 
matter then as one of the fractions can serve as an 
arbitrary standard, by means of time curves it will 
be possible to decide whether any significant changes 
m the quahtative composition of the sugar compo- 
nent — ^whatever its nature — ^take place durmg 
concentration 

(2) To find qmckly and accurately the absolute 
concentration of any rmxture of sugars — ^however 
compheated — alone or m combmation with protem, 
if the nature of the sugar component is known or the 
complex can be isolated 

(3) To give a rough mdication of the sugars present 
This may be a tedious process and it is almost 
impossible to analyze a mixture of more than two 
components The proportions of the components 
can only be ascertamed approximately and it is 
important to have some idea of the composition 
beforehand The carbazole method appears less 
smtable for this purpose than the other two methods 

SUMMARY 

1 Compounds of two types, either of a phenohe 
character or containing a reactive mtrogen group, 
have been mvestigated for colour formation with 
four representative hexoses resultmg m the develop 
ment of the skatole method for the quahtative and 
quantitative characterization of sugars 

2 The relative limitations of the orcmol, carba- 
zole and skatole methods are compared and the 
necessary standardizations pomted out 

3 All three methods have been apphed to the 
analysis of the sugar component of a fraction of 
pregnant mares’ serum The results obtamed are 
consistent with an equimolar mannose-galactose 
composition (apart from glucosamme which is not 
estimated by the reactions used) 

4 The sugar component of the blood protein^ of 
normal and immumzed horses have been analyzed 
Biimlarly, and the results are agam consistent with 
an equimolar ratio of mannose and galactose 

It 18 my pleasant duty to thank Dr G E Foster of The 
AVellcome Chemical Works, Dartford, for his kindness in 
givmg me hospitality in his laboratory, where the curves 
for Fig 2 were prepared 
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Fractionation of Oxidized Insulin 


By F SANGER (Beit Memonal Fellow), Bwchemical Laboratory, UniversUy of Cambridge 

{Received 18 May J948) 


From the determination of the terminal residues of 
msulm it was suggested that the submolecule of 
molecular weight 12,000 is made up of four open 
peptide ohams bound together by disulphide Im- 
ages (Sanger, 1946) Two of these chams have 
glycme and two have phenylalanine aa terminal 
residues By the action of performic aeid it is 
possible to spht msulm mto its separate polypeptide 
chams by conversion of the cystme to cysteic acid 
residues (Sanger, 1947) The object of the present 
work was to separate the chams m a pure form, and 
the first problem was to find a suitable analytical 
method to followthe course of fractionation Electro- 
phoretic analysis gave rather variable results, this 
was largely due to the low molecular weight of the 
fractions which led to rapid spreadmg of the 
boundary by chfEusion and did not allow prelumnary 
dialysis Later the method of end-group assay 
(Sanger, 1946, Porter & Sanger, 1948) was used m 
an attempt to obtam fractions contammg only 
glycme or only phenylalanme temunal residues 
This method of chareiotenzation does not neces- 
sarily mdicate complete homogeneity, but the 
fractions are at least representative of the two types 
of chains m the msulm molecule In this paper the 
preparation and some prehmmary observations on 
the properties of two fractions are reported, the 
one, fraction A, contammg only glycme terminal 
residues and no basic ammo-acids, the other, 
fraction B, contammg 97 % phenylalanme temunal 
residues 

EXPERIMENTAL 

Oxidation of tnsidin 

The method was essentially that of Toennies & Homiller 
(1942), who showed that within 1 hr cystme consumes the 
theoretical 6 atoms of oxygen, and that after 2 hr a more 
general oxidation of a number of ammo acids takes place 
It was thus desirable to use a tune of oxidation which was 
the minimum required to spht the S— S bridges completely 


Using paper chromatography (Consden, Gordon k Martin, 
19466) it was found that the reaction with free tystoewas 
complete m 6 mm , but with msulm 15 mm were required 
The method finally used was as follows 0 26 g msuhn was 
dissolved m 9 ml fomuo acid, 1 ml 30 % (w/w) HjOj was 
added, and the mixture allowed to stand for 16 mm at 
room temperature Water (10 ml.) was added and the 
mixture evaporated in vacuo to a small volume (1-2 ml ) 
The oxidized protem was then precipitated by a large 
volume of acetone, eentnlriged, washed with acetone till 
free of formic acid and dried in air, yield, 0 26 g 

Fraclwnation of the oxidized insulin 

Of the various firaotionation procedures tried, the most 
satisfactory were the conventional methods of precipitation 
by iteration of pH or addition of salt or ethanol In the 
sMting-ont procedures, however, it was difficult to remove 
the salt smoe the peptides were too small to he dialyzed 
This was overcome by umng a volatile salt, ammomum 
acetate, which could be removed by evaporation. 

Freshly oxidized msulm (1 g ) was dissolved m 12 ml 
O-Im-NHs, and 0 1 m acetic acid was added to bring the pH 
of the solution to 6 6 The precipitate was centnfnged down 
and used m the preparation of fraction B The solntion was 
used for the preparation of firaotion A ti i r 

Fraction A The above solution was brought to pH ’ 
with 01 m acetic acid and, after removal of the prempita 
(fraction Uf), was taken almost to dryness in vacuo It 
then transferred to a centrifuge tube with a mmimuni 
volume (about 3 ml ) of water, and an equal volume o 
50% (w/v) ammomum acetate, which had been brought o 
pH 6 5 with glacial acetic acid, was added This brong 
about the separation of a small precipitate which wos s 
carded. The water and ammomum acetate were then ro 
moved by leaving the solution in a high vacuum 
HjSO, and NaOH tiU it reached constant weight loo 
residue was a white powder, yield, 0 25-0 32 g 

Fraction B The matenal precipitated at pH 6 5 from i E 
oxidized iriCTihn was washed with 10 ml. 0 01 m acetic am • 
dissolved in 6 ml. 0 iM-Ha and 40 ml absolute ethanol 
added This brought about the separation of a prempita 
(fraction X) often m the form of a gel, which was contnfug 
off and washed well with 80% ethanol The combm 
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supernatant solution and washings were taken ahnost to 
dryness in vacuo and precipitated by a large volume of 
acetone, yield, 0 14r-0 21 g The yield of firaction X was 
0 1-0 2 g VanouB other methods were studied as a means 
of fractionating the osadized msulin, hut none was found 
more suitable than the above procedure 
Fraction A could he prepared satisfactorily by looo- 
phoresis Usmg ammomum acetate buffer, according to 
method Cl of Consden, Gkirdon & Martm (1946a), it moved 
towards the anode as a discrete hand, and could be identi- 
fied by applying the Pauly diazo reaction to a prmt After 
removal of the ammomum acetate vn vacuo and elution 
with water the fraction was shown to contain only glyome 
terminal residues Fraction B moved only slowly at various 
pH v^ues and formed badly tailing bands mdicatmg that 
adsorption on the gel had taken place It was difficult to 
elute from the gel, and only a small yield was obtamed of 
material containing only phenylalamne terminal residues 
The method of adsorption analysis (Tisehus, 194'3) could 
be used as an analytical method (Tisehus & Sanger, 1947), 
but it was not found possible to use elution or displacement 
analysis to fractionate the matenaL 
Usmg paper chromatography (Consden, Grordon & 
Martm, 1944), it was difficult to find a sufficiently sensitive 
colour test that could be apphed to the paper A weakly 
positive nmhydrm test was given by fraction 5, as by in- 
snhn, but was not given by fraction A The most satishictory 
teat was the Pauly reaction, which is given by histidme and 
tyrosme residues Using this test and relatively high con- 
centrations of the peptides it was found that they formed 
fast moving taihng spots with phenol and coUidme, and did 
not move with butanol or butanol acetic acid 

Properties of the fractions 

Fraction A Fraction A is the most soluble 
material m the oxidized msulm It is not precipi- 
tated at any pH value m low salt concentrations, 
or by any concentrations of sodium chloride or 
ammomum acetate, but it can be precipitated by 
high concentrations of ammomum sulphate 

Tlie material, prepared as described above, con- 
tamed 2 12 % NHj bound m salt linkage presumably 
to the sulphomc acid groups Excluding this N, the 
N content of the dry protem was 12 80 % and the 
amide N 16 16 % of the total H End-group analysis 
showed almost only glycme and less than 1 % phenyl- 
alaruno termmal residues The 2 4 dimtrophenyl 
(DNP) dem ative which was prepared m the usual 
manner was shghtly soluble m acid Excess 12 4- 
fluorodimtrobonzene was removed as follows The 
reaction mixture was taken to a small volume in 
vacuo, and the residue suspended m water and 
extracted i\ ell with ether On acidification the 
DNP dcrn atn o was partly precipitated Both the 
precipitate and the solution melded only DNP- 
gl\ cmo on In droh-sis 

Paper chromatography (Consden ct al 1944) of a 
In droll sate showed the followmg ammo acids to be 
pro'ont leucine, isoleucme, \ ahne, tyrosme, alanme, 
ghcino, serme and glutamic, aspartic and c^'ste^c 


acids ThefoUowing, though present m msulm, were 
absent from fraction A lyisme, argmme, histidme, 
threonme and phenylalamne No prolme spot could 
be detected, but its absence is not absolutely certam, 
as the nmhydrm test is not so sensitive as with other 
ammo -acids The absence of argmme and histidme 
was confirmed by the methods of Macpherson (1946) 
and of lysme by the absence of N®-DNP-lysme m 
a hydrolysate of the DNP derivative The absence 
of threonme was demonstrated by Mr M W Rees 
usmg the penodate techmque (Rees, 1946) A very 
rough analysis was earned out by a method similar 
to the ‘spot-dilution ’ techmque of Poison, Mosley & 
Wyckoff (1947) All the ammo-acids present could 
be separated using phenol-0 3% NHj-coal gas as 
solvent, standard solutions of ammo -acids were run 
parallel with the hydrolysate of fraction A and the 
colour and size of the spots compared The results 
are shown m Table 1 They are expressed as the 
number of residues of ammo-acids/mol of mol wt 
2600, natnmning fraction A to be homogeneous 
While this IS probably not true, the figures do give 
an approximate estimate of the ammo acid distri- 
bution withm the limits of the method 

Table 1 Amino-acid compoaiiion of fraction A 


Amino 

No of 
remdues/mol 
of mol wt 

Ammo- 

No of 
residues/mol. 
of mol wt 

amd 

2500 

acid 

2600 

Leacine 

3 

Glycme 

1 

Isoleucme 

1 

Serme 

2 

Vahne 

2 

Glutamic acid 

4 

Tyrosme 

2 

Aspartic acid 

2 

Alanme 

1 

Cysteic acid 

4 


In developmg a new method for the determmation 
of sedimentation constants of substances of low 
molecular weight m the ultracentnfuge, Gutfreund 
& Ogston (1948) studied a rather cruder preparation 
of fraction A m which the ammomum acetate pre- 
cipitation was ormtted They considered it to be 
relatively homogeneous and to have a mol wt of 
2900 

Fraction B Fraction B is readily precipitated 
near pH 6 and also by low concentrations of salt 
Thus a solution m 0 03 m-HCI is precipitated 
1*7 1 6 % NaCl Electrophoretic analysis at pH 8 
showed one mam boundary and a trace of a faster 
movmg component On lonophoresis at pH 7 it 
appeared to be shghtly more basic than unchemged 
msulm, m spite of its cysteic acid content, suggestmg 
a high content of basic ammo -acids 

End-group analysis showed about 97 % phenyl- 
alanme and about 3 % glycme termmal residues It 
has not yet been possible to obtam a preparation 
completely free of glycme termmal residues Paper 
chromatography showed the presence of all the 
ammo-acids that are found m msuhn, that is to say. 
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all the commonly occurrmg ammo-acids except 
tryptophan, methiomne and hydroxyprohne 

In the ultracentnfuge (Gutfreund & Ogston, 1948) 
this preparation appeared to be less homogeneous 
than fraction A and to have a mean mol wt 7000 

DISCUSSION 

By a variety of methods, mcludmg precipitation at 
pH 6 or With 3-30 % NaCl or lonophoreais at pH 7, 
it 18 possible to separate the oxidized rnsnlin mto two 
crude fractions an acidic fraction A, with glycme 
as termmal residues and a basic fraction B, with 
phenylalanme as tennmal residues This does sug- 
gest that there are essentially two types of peptide 
chains m msuhn, although the different chains of 
each type are probably not identical Smce the 
yield of the pure fraction A is usually greater than 
26 % of the oxidized msuhn, it follows that, if there 
are two glycyl chams m msulm, then they must both 
be present m this fraction, so that, besides havmg 
the same termmal residue and no basic ammo acids, 
they must also both be free from tlireonme and 
phenylalanme and have the same molecular weight 
and electrophoretic mobility 

Besides fractions A and B, the only other signifi- 
cant fractions are fractions X and M It seems likely 
that both of the latter contam essentially the same 
material, smce by usmg a lower pH for the mitial 
precipitation, the yield of fraction X is mcreased at 
the expense of fraction M and vice versa The sum 
of the yields of the two fractions is 20-30 % of the 
oxidized msuhn, and they contam about equal 
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amounts of the two termmal residues By repeating 
the ethanol precipitation on either X or Af a certain 
amount of fraction B can be prepared from them, but 
it seems probable that they consist chiefly of a 
mixture of mcompletely oxidized and over oxidized 
msuhn Fraction X tends to darken on standmg, 
suggestmg the presence of oxidation products of 
t5rrosme The yield of these fractious is greater if an 
oxidation tune of 6 mm is used instead of 16 mm , 
although it 18 not possible to lower the yield by 
further oxidation While the possibihty cannot be 
excluded that these fractions contam another cham 
of the msulm molecule, it seems hkely that all the 
chams are actually represented m the purified 
fractions A and B Thus it appears that the^msulm 
submolecule is bmlt up of two types of peptide 
chains, a basic type and an acidic type It is possible 
that this particular structure may account for some 
of the properties of msulm 

SUMMARY 

Two fractions have been prepared from msuhn that 
has been oxidized by performic acid 

A, an acidic fraction contammg glycme as 
termmal residues and no argmme, histidme, lysme, 
phenylalanme or threonme 

B, a basic fraction conta ining phenylalanme as 
termmal residues and all the ammo acids present in 
msulm 

I msh to express my thanks to Mr M W Rees for the 
threonme analysis and to Prof A C Chihnall for his advice 
and encouragement 
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The Formation of Hydrogen Carriers by 
Haematin- Catalyzed Peroxidations 

1 HYDBOGEN CABBIEBS FBOM CEBTAIN AOBIDINE 
AJYD QUESTOLESTE COMPOUlSnDS 

By a ALBEBT and J E FAEK, TJmv&raity of Sydney, Australia 

{Received 3 June 1948) 


During studies of the inhibition of enzymes by anti- 
bacterial acridines, it was found, that certam of these 
drugs caused a large stimulation of oxygen uptake m 
solutions contaimng ascorbic acid, cytochrome c and. 
cj'tochrome oxidase The same oxygen uptake 
occhrred when the oxidase was omitted, and hence 
tins enzyme played no part m the reaction The 
studies which follow were, therefore, made m the 
absence of cytochrome oxidase 

Because the new effect mterfered with the desired 
measurement of enzyme inhibitions, and, because it 
had possible importeince m. regard to the biological 
action of acridine compounds, its mechanism was 
studied m some detad The effect occurred whenever 
certain ammo- or hydroxy-acridines or analogous 
qiunohnes were shaken with ascorbic acid, C3rto 
clirome c and air Most of the detailed studies which 
follow were made with 3 ammoacridme 

A brief outhne of the apparent mechanism is given 
here The new effect is characterized by a primary 
phase durmg wluch the rate of oxygen uptake 
mcreases to a maximum, and a secondary phase 
durmg which tins maximum rate is mamtamed until 
the substrate is exhausted, whereupon the uptake of 
oxygen ceases The imtiation of the effect depends on 
a trace of hydrogen peroxide (the origm of wluch is 
discussedbelow)wluch, m the presence of cytochrome 
c brmgs about a catalyzed peroxidative oxidation 
For example, 3-ammoacridme is oxidized to an 
o hydroxyamuioacridme which is, in turn, autoxi- 
dizablo to an o qumonurune with production of 
hydrogen peroxide By utihzation of this hj drogen 
peroxide iii the peroxidative reaction the effect 
becomes autocatahdic The o qiunomnune acts as 
a In drogen earner m the oxidation of the substrate 
and 0 X 1 gen is the ultimate In drogen acceptor 
-4 similar senes of reactions Mas found to occur 
Mhcn citochrome c Mas replaced by methaemo 
globm so that the imtial reaction is endently a 
nonspecific haematin peroxidatne effect Similar 
efioi ts M ere foimd with ci steme as substrate but not 
Mith In droquinone There Mas no relation between 
the antibacterial actmti of the acridme and 
qumolme componds and their ahihtj to gi\e the 
efioct 

Bioclicm iota, 44 


EXPEBIMENTAL 

Materials Ascorbic aoid was used as the pure substance, 
kindly supphed by the Ckilomal Sugar Refimng Co , 
Sydney it was determiued by titration with 2 6 dichloro- 
phenohndophenol (cf Lemberg, Cortas Jones & Nome, 
1938) Cysteme was the Schenng Kahlbaum copper firee 
preparation Hydrogen peroxide (100 vol ) was freshly 
diluted before use and standardized with 0 01 N KMnOi 
Wafer for aU purposes was double distdled from an all glass 
still The catalase was a preparation from horse hver, with a 
Kat f of 26,000 The cytochrome c contamed 0 33 % Pe 
and was ohtamed from ox heart by method (a) of Keilin & 
Hartree (1945) It was dialyzed against distilled water m 
Tee Pak synthetic sausage oasmgs (Harvey Little and Co , 
Sydney) which adsorbed very httle cytochrome The 
caWlase free methaemoglohm solntvon was prepared as 
follows A solution of pure orystaUine haemm lU dilute 
NajCOj was accurately detemuned spectrophotometncally 
as pyndine haemochromogen A solution of native human 
globm was prepared by the method of Anson & Mirsky 
(1926) and its protem content detemuned The solutions of 
haemm and globm were mixed so that there was 10% 
excess of globm For the manometnc experiments a volume 
of this solution eqmvalent to 1 0 mg of methaemoglobm 
was used In terms of Fe content, this was eqmvalent to 
1 mg of cytochrome c 

Anilme (b p 184°) and phenol (b p 182°) were freshly 
distilled The m p of the 0 phenylenediauune was 103°, 
p phenylenediamme, 139°, catechol, 104°, o ammophenol, 
170° andp ammophenol, 184° The preparations and m p ’s 
of the acndme compounds hsted m Table 3 were as given 
by Albert, Rubbo, Gtoldacre, Davey Stone (1945), and of 
the qumolme compounds as given by Albert &, IVIagrath 
(1947) with the following additions 3 5 dihydroxyacndme 
(m p 347-348°) was^ prepared according to UUmarm & 
Kipper (1907), 6 ammoqumohne (m p 110°) by the hydro 
genation of 5 mtroqumohne over Raney mckel, 5 hydroxy- 
qumolme (m p 223°) by the method of Claus &, Howitz 
GS93) svnd S ammo 6 hydroxy qvimdVme (mp 105°, 
decomp ) by the method of Matheus (1888) Phenol blue, 
p dimethylammoanilme hydrochlonde and p diethyl- 
ammonnilme hydrochlonde were obtamed from British 
Drug Houses Ltd 

Methods The measurements of 0. uptake were made m 
Warburg respuometers at pH 7 0 and 25 or 37 5° The 
shakmg rate was 120/min , the gas phase usually air, and, m 
the total hqmd volume of 2 0 mL, the phosphate buffer was 
0-12 m, changmg the buffer concentration did not affect the 
results Expenmental pH, values were checked with a glass 
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more than that required to produce cystme Hydro 


electrode All solutions were prepared just pnor to use The 
basic compounds were dissolved by the aid of 1-1 5 equiv 
of HCl, and the hydroxy compounds, when necessary, with 
1 eqmv of NaOH The ascorbic acid uas dissolved in water, 
with the addition of 1 equiv of 0 In NaOH, just before 
pipetting 

RESULTS 
The effect 

Tile nature of the effect is summarized m Pig 1, 
cur\’’6 1 showmg the typical autoeatalytie reaction 
’^Oien the ascorbic acid concentration was halved, 
the total oxygen uptake was also approximately 
halved (curve 2) 



qumone gave no oxygen uptake at all, although it is 
a substrate for the full cytoclirome c cytochrome 
^ oxidase system 

^Vlien the effect occurred, a dark coloured precipi 
tate was usually observed at the end of the reaction 
Tins precipitate dissolved, with loss of the dark 
colour, on addition of further ascorbic acid, and re 
appeared when this had been oxidized It was 
similarly dissolved by the addition of cysteme or 
sodium dithiomte (hydrosulphite^ The precipitate, 
isolated by centnfiigmg and washed well at the 
centrifuge with cold phosphate buffer, pH 7 0, 
catalyzed the oxidation of ascorbic acid by oxygen 
(curve 4) Addition of cytoclirome c made no dif 
ference to the rate, unless some unchanged test 
substance was added with an mcompletely washed 
precipitate, m wluch case cytochrome c caused a 
significant mcrease Tlie precipitate lost its catalytic 
actmty entirely when kept m the buffer for 2 days 
at 0° Its colour, its behaviour on reduction and 
re oxidation and its lustabihty strongly suggested 
a substance of qmnonoid t3q)6 

Table 1 The effect of varying the concentraHon of 
3 aminoacndtneaiidof cytochrome c,atTpB.7 0and25° 

(Each flask contamed hydrogen peroxide, 
sodium diethyldithiocarbamate 6 4 x and soditun 

ascorbate 6 6 x as well as, in experiment (0), 

cytochrome c 2 x 10 ~*m and, m expenment (6), 3 amino 
acndme 10"®M ) 


Eig 1 The effect obtained with 3 ammoaoridmo, sodium 
ascorbate and cytochrome c at pH 7 0 and 26° Curve 1 
3 ammoacndme, ascorbate and cytochrome c (concentra 
tions in Table 1) Curve la uptake on addition of a 
second lot of ascorbate after reaction 1 Curve 2 as 
curve 1 with ascorbate concentration halved Curve 3 
the rate of utilization of ascorbate determmed by titra- 
tion (see text) Curve 4 80% of the precipitate from 
reaction 1, isolated as described m text, and allowed to 
react with ascorbate only, addition of cytochrome c made 
no difference Curve 6 autoxidation controls, with 
ascorbate Curve 6 autoxidation controls without 
ascorbate 


3 Ammoacndme 

M 

0 

10 -‘ 

10 -* 

10 -> 

Cytochrome c it x 10““ 
0 

0 18 
0 54 

0 90 

1 80 


(а) 

O5 uptake m 30 nun (ftl) 
0 
12 
62 
98 

( б ) 

0 

14 

47 

79 

105 


Wlien the reaction was stopped at successive tune 
mteri'^als by the addition of trichloroacetic acid, and 
the amount of ascorbic acid used determined by 
titration, the rate of its utibzation wets parallel to 
the rate of oxygen uptake, m curve 3 tins rate is 
plotted as the calculated amount of oxygen required 
to oxidize (to dohydroascorbie acid) the ascorbic 
acid used up m the given tunes Tlie calculated 
amount of oxygen required to oxidize all the ascorbic 
acid to dehydroascorbic acid was 126 jal , and the 
total uptake m curxm 1 shows that it was not oxidized 
past this stage In a small number of experiments 
mth cj steme as substrate, a similar effect was found, 
the total oxygen uptake then bemg only shghtly 


It was important to detemune whether the praci 
pitate contamed cytocluome c or a derivative, 
e g an autoxidizable haem compound No absorp 
tion band whatever could be seen m a suspension 0 
well washed, active precipitate, or m a solution made 
by reducmg it with sodium dithiomte Nor could 
iron be detected m the precipitate after digestion 
with concentrated sulphuric acid and hydrogen 
peroxide If the precipitate were a compound or 
mixture of 3 aminoacndme and cytochrome c m 
molecular ratios 100 1, uon could readily have been 
detected under the conditions of the test The 
cipitate must, therefore, be an uon-free dorn ativ 0 of 
3 ammoacndme 
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Studies of the mechanism 


In the presence of either cytochrome c or met- 
haemoglobm, the efect was inhibited by catalase on 
the one hand (Table 2), and stimulated by hydrogen 
peroxide on the other (Fig 2) In the absence of 
a haematm compound the eflfect did not occur, and 
was not mduced by hydrogen peroxide (Table 2) 
There was thus strong evidence for the occurrence 
of a liaematm catalyzed peroxidative reaction 

Under certam conditions, either the 3-ammo- 
acridme concentration or the c 3 d;ochrome c concen- 
tration could hmit the rate of reaction (Table 1) In 
these experiments hydrogen peroxide was added so 
that there was no lag, and the mitial rates were 
comparable 

Cytochrome c does not combme with carbon 
monoxide, but haemoglobm formed by reduction of 
methaemoglobm by ascorbic acid, combmes with 
carbon monoxide to form carboxyhaemoglobm m 
which the non is fixed m the reduced state In a gas 
phase of 80 % CO -t- 20 % Oo , the rates were only 
slightly lower than when the gas phase was air A 
similar slight CO inlubition was found when cyto- 
clirome o was the catalyst (Table 2) Carbon mon- 
oxide IS Imown to inhibit the copper catalyzed 
autoxidation of ascorbic acid (Barron, DeMeio & 
IClemperer, 1936), and m our control experiments 
autoxidation was inhibited by carbon monoxide as 
well as by diethyldithiocarbamate The latter re- 
agent also shghtly depressed the effect m the presence 
of cytoclirome c (Table 2) The autoxidation of 
ascorbic acid produces hydrogen peroxide, and the 
CO and diethyldithiocarbamate inhibitions of the 
effect may be due to their prevention of the formation 
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of this hydrogen peroxide If this was a hmitmg 
factor, the rate during the autocatalytic stage would 
be depressed and the lag lengthened Tins was 



Fig 2 The effect obtained with 3 ammoacndme and 
different concentrations of hydrogen peroxide at pH 7 0 
and 26° Each flask contained 3 ammoacndme, cyto- 
chrome c and ascorbate with concentrations as m Table 1 
Curves 1-7 hydrogen peroxide ml, 0 01, 0 1, 0 25, 0 5, 
1 0 and 10 0 X lO^^M respectively 


Table 2 The effect of various reagents on the rate of OTygen uptake of ascorbic acid 
with 3 amvioacndine at pH 7 and 37 6° 


(Each flask contamed, m separate side arms, sodium ascorbate (final molanty 6 6 x 10“=) and 3 ami noacndine (fina 
molarity 2 x lO'®) These were tipped on to the reagents mdicated in column 1 after equihbration Molanty of cytochrome 
c, OOxlO-S of methaemoglobm, 0 22x10-®, of H.Oj. lOxlO"®, of CuSO,, 2 0x10“®, of sodium diethyldithio- 
corbamato 0 4 x 10'® Values of I (time to reach maximum rate) were accurately reproduced to ±3 nun , and of v 
(the maximum rate) to at least ±0 6/xl /mm , accuracy mcrcasmg as v became smaller ) 


Added to mam bulb 
Nil 
Nil 

Diethyldithiocarbamate 

Cj tochromc c 

C\-tochrome c 

Cvtochronio c+H,0- 

C\ tochromc c +catafase 

Cl tochromc c +diethildithiocnrbamate 

C\ tochromc c + CuSO^ 

Ci'tochrome c+CuSOi 
Methaemoglobm 
Methaemoglobm 
Mctlncmoglobm T H.O. 
Methaemoglobm -+catafase 


t V 


Gas phase 

(mm ) 

(/J Oj/imn 

Air 

0 

05 

CO 0, 

0 

0 

Air 

0 

0 

Air 

35 

56 

CO 0. 

55 

3 0 

Air 

0 

18 3 

Air 

G5 

2 0 

Air 

43 

60 

Air 

0 

5 0 

CO 0, 

0 

40 

Air 

45 

3 6 

CO 0. 

00 

2 9 

Air 

Air 

0 

0 

18 0 

06 
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indirectly conflrined by addition of small amounts of 
copper sulphate As slimvn in Table 2, the lag was 
abolished, in the presence of copper the reaction 
Mas again mhibited to some extent by carbon 
monoxide 

Athough hydrogen peroxide could arise from 
autoxidation of the ascorbic acid, it was* realized 
that this was not necessarily the source of the 
peroxide which imtiated the effect The effect still 
occiuiod 111 the presence of carbon monoxide oi 
diethyldithiocarbamate, although autoxidation u ns 
then negligible In addition, when the 3-ammo 
acridine ivas shaken with the cytocluome c for 
30 mm before adding the ascorbic acid, considerable 
darkonmg in colour had occurred, and the lag n'-as 
shorter than when the reagents were mixed immedi- 
ately after equilibration as was usual This darkening 
ivas mhibited by catalase 

This formation of carrier in the absence of ascorbic 
acid suggested that a trace of hydrogen peroxide 
ivos introduced from another soiuce It was foimd 
that the cytochrome c solutions, prepared os above, 
gave an output of oxygon gas on the addition of 
catalase It is not yet laiown at what stage of the 
preparation this peroxide arose, and, m vien of the 
importance of the presence of tlus unsuspected con- 
taminant in preparations of cytochrome c made 
111 accordance nath published instructions, this 
question is non'’ under ini'ostigntion 

The chemical change tn ihc 2 icrovidaiivc icaclion 
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Smeo acridme compounds of types (11) and (III) 
are imlmown and likely to be extremely difficult of 
access, attention was concentrated on the qmnolme 



(n) 


12 * 

IiT 

(in) 

compounds (Table 6) From 6 ammoqiunolme, 
ivluch gave an effect similar to 3 airunoacridine, onl} 
one ortho substituted compound (IV) is possible 



(IV) 




The followmg (I, II, III) are the reversible 
hydrogen carrymg systems winch appear most hkelj^ 
to be formed by oxidation of 3 ammoacridme 

In order to explore these possibihtios, it was 
decided to examme the senes of acridme and qumo- 
Ime compomids given m Table 3 The ionization (as 
bases) imder the conditions of the experiment have 
been mcliidod m the table as tlus was found to be 
relevant The antibacterial aotimties of these com- 
pounds are also recorded to show that the w^ell- 
known antibacterial properties of some members of 
these senes do not run parallel to theu abihty to 
become earners 

Tlie results obtamed from the acridme compounds 
are given m Table 4 and those from the qumohne 
compoimds m Table 6 

Compounds of the types (I— Di) could be fonned 
from any of the acridme compounds which gave the 
effect (Table 4) , qumones would be the corresponchng 
oxidized forms of the carneis derived from hj'droxy- 
acridmes 

Carriers of tjqio (I) vero excluded, houever, since 
neither 3 ammo 6 hj’-droxyacricbno nor 3 6-di- 
ludroxj acridme (nos 15 and 10) had any earner 
nctlMt^ Oxidation m the position ortlio to the 
existing nmino orlij drovi 1 group thus seemed more 
likelv 


This compoimd, 6-amino 6 hydroxyquinoluie, 
M os synthesized, and was found to act directly as 
o reversible hydrogen carrier m the oxidation 0 
ascorbic acid, 7 ammo 8 hydroxyqumolme acted 
similarly, as also did the mdamme dye, plieno 
blue 

There is thus good reason to beheve that the earner 
formed from 6 ammoqiunohne is the readily autoM 
dizable substance, 6 ammo-6 hydroxyqumolme 
became important to determme whether , as assume 
above, autoxidation of compounds of this t 3 qje gives 
rise to lij-^drogen peroxide (as m V) 





Vaien solutions m phosphate buffer, pH 7, of 5 
ammo-6-hj'droxyqumohne and 7 ammo 8 Il^ droxy 
qumohne were shaken with air at 25 or 37 6 , the 
nos with the latter compound a fast uptake 0 
oxj^gen, the full theoretical amount bemg consumeti 
in about 1 lu Tlie former consumed oxygen more 
slowly, and, m 1 lir , only 75 % of the theoretical 
omounthad boon taken up Vfiien catalase was adde 
after 1 Iir , there was m each case an oxygen oiitpu 
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Table 3 The acridine and quinoline compounds used, their strength as bases 
and then antibacterial activity [whcie Inoivn) 
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Xo 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 


Compound 

Aondme 

1 Ammoaondme 

2 Ammoaondme 

3 Ammoaondme 

4 Ammoaondme 
6 Ammoaondme 

2 7 Diammoaondme 
2 8 Diammoaondme 
2 8 Diammo 1 9 dimetliylacndme 
2 8 Diammo 3 7 dimethylaondmo 

2 8 Bisdimethylammoacndine 

3 Ammo 6 metbylaondme 
3 Hydroxyaondme 

6 Hydroxyaondme (aendone) 

3 6 Dihydtoxyaendme 
3- Ammo 6 liydroxj aondme 
6 AmmoqumoUne 

6 Ammoqmnolme 

5 Hydroxyqumolme 
8 Hydroxyqumolme 
5 Ammo 6 hydroxyqumolme 

7 Ammo 8 hj^droxj qmnolme 


pK„, basic, 
26° ui ■water 

Percentage ionized as 
base, 26° pH 7 (g) 

BI (/l) 

4 62 (o) 

0 34 

0 

4 33 (o) 

0 22 

4 

7 94 (o) 

89 70 

21 

6 80 (o) 

6 94 

8 

6 90 (o) 

8 37 

9 

9 88 (a) 

99 80 

26 

8 02 (6) 

912 

26 

9 64 (b) 

99 4 

22 

9 06 (c) 

99 11 

30 

10 23 (c) 

99 94 

21 

10 67 (c) 

99 97 

17 

0 14 (c) 

12 23 

10 

4 63 (d) 

0 43 

0 

— 

<0 01 (d) 

0 

— 

<0 01 

— 



— 

— 

6 43 (e) 

2 36 

0 

6 54(e) 

3 36 

0 



— 

0 

4 96 (/) 

0 96 

20 

— 

“■■■* 

z 


(а) Calculated fixim values m water at 20° (Albert & Goldacre, 1940), by a temperature correction found by mterpolation 
m a curve baaed on the data of Hall & Spnnkle (1-932) 

(б) Kmdly determmed for this work by Mr J N Philhps 

(c) Calculated from values m 60% ethanol (Albert & Goldacre, 1940), by addmg 0 04, the mean depression by ethanol 
for 11 compounds (Albert & Goldacre, 1940) Temperature correction as m (o) then apphed 

(d) Calculated from data of Albert & Goldacre (1943) 

(e) Calculated from data of Albert A Goldacre (1944) 

(/) Calculated from data of Albert & Magrath (1947) 

ig) Calculated from the equation % ionized = +antii o g (pH-plQ) 

(h) The Bactenostatio Index (from Albert et al 1946, Albert, Rubbo, Goldacre & Balfour, 1947) A B i of 16 mdicates 
significant antibac^nal activity, and a b i of 20 or higher, marked activity 


Table 4 The results of testing various acndine compounds 

(The compounds were tested with ascorbic acid and cytochrome c, with air as gas phase, with concentrations and con 
ditions as m Table 1 Where the effect was found, the reactions when hydrogen peroxide or catalase was added were 
similar to those shown m Table 2 Hydrogen peroxide did not mduce the effect m the compounds m column 2 ) 

(1) (2) 

Compounds which were 
completely maotive 
Aondme 

1 Ammoaendme 
6 Ammoaondme 

2 8 Diammo 3 7 dimethylacndme 

2 8 Bisdimethylammoacndme 

3 Ammo 6 metbylaondme 
6 Hydroxyaendme (aendone) 

3 6 Dibydroxyacndme 
3 Ammo 6 hydroxyaendme 

Table 6 The results of testing various quinoline compounds 


Xo 

effect at pH 7 

No 

4 

3 Ammoaendme 

1 

6 

4 Ammoaendme 

2 

7 

2 7-Diammoacndme 

0 

8 

2 8 Diammoacndme 

10 

9 

2 8 Diammo 1 9 dimethylacndme 

11 

13 

3 Hydroxyaendme 

12 

3 

2 Ammoaondme (at pH 8 6) 

14 



16 



16 


Xo 

17 

IS 

19 

20 


^ ( 1 ) 
Compounds which gai e 
the effect 
6 Ammoqumolme 
0 Ammoqumolme 
5 Hj droxyqmnolme 
8 Hydroxyqmnolme 


Xo 

21 

22 


r, (2) 

Compounds which were active v 

even m the absence of cytochrome c (fd Of mm ) 
5 Ammo 6 hydroxyqumolme'' 17 2 

7 Ammo 8 hydroxyqumolme 18 0 

Phenol blue (for oompanson) 
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corresponding to half the oxygen consumed as 
required by (V) and the equation, 

„ „ catalase 

>- HjO + -^02 

That hydrogen peroxide is formed on autoxidation 
of these compounds at pH 7 was thus established 
^Vhen 0 - andp-ammophenol were tested m the same 
way, however, no oxygen uptake or output was found 
with either 

The failure of some of the acridme compoimds to 
give the effect must now be considered The failure 
of 2-ammoacri(hne to yield any carrier m the usual 
test at pH 7 was surprismg, m view of the activity of 
its derivatives, nos 7 and 8 (Table 4) 3 Aimno- 

acridme at pH 7 is mainly un-ioruzed, wlule 2 ammo- 
acridme is lomzed to the extent of 89 7 % Although 
2 8 diammoacrichne exists almost entirely m the 
catiomc form at*pH 7, it is hkely that a significant 
proportion of one ammo group remains un-iomzed 
In 2 7-diaminoacridme, the 7 -ammo group does not 
enter mto the lomc resonance and is entirely un- 
lomzed (Albert & Goldacre, 1946) It thus seemed 
possible that 2-ammoacridme might give the effect 
if it could be tested with a higher proportion of its 
ammo group m the un-iomzed form This proved to 
be the case (Table 6) At pH 8 6, when it was 78 % 
un-ionized, it gave a carrier effect similar to that of 
3-ammoacridme 

Although, mthisgroupof substances, the presence 
of an un-ionized a mm o group appears to be one of the 
prerequisites for carrier formation, other factors also 
operate For example, at pH 7 no 2 is almost 
completely un-iomzed but gives no carrier (Table 4) 

A few benzenoid compounds were tested to find 
whether the effect would also occur m tliis series 
The result was negative Anihne, phenol, catechol, 
hydroqumone and o-phenylenediamme gave no 
carriers under any conditions Phenol blue and 
2 6-dichlorophenolmdophenol acted directly as 
carriers m the well known manner, no cytochrome c 
bemg required p Phenylenediamme, p dimethyl- 
ammn anilm e, p -diethyl ammoanilme and p-ammo- 
phenol all gave carriers which acted similarly to 
phenol blue m Table 6, provided that they were 
shaken with cytochrome c at 26° and pH 7 for 0 6 hr 
before addmg the ascorbic acid Under these condi- 
tions they were oxidized to coloured compounds, on 
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addmg the ascorbic acid the colour disappeared, but 
returned when the ascorbic acid had been oxidized 
In the case of the first three compounds it was 
probable that the carriers were the Wurster’s salts 
which they are known to yield on oxidation It 
seemed that ascorbic acid, if added too soon, pro 
tected them from oxidation to this form 

DISCUSSION 

F or the effect to occur, it is evidently necessary that 
(a) A peroxidative oxidation should take place in 
such a way that a hydroxyl group enters the acndine 
or qumohne nucleus ortho (or, conceivably, para) to 
an existmg ammo or hydroxyl group (6 ) The product 
of this reaction should be of smtable oxidation 
reduction potential to act as a reversible hydrogen 
carrier m the oxidation of ascorbic acid by oxygen 
In Table 4, a number of compounds which did not 
give the effect are shown Comparison of nos 4 and 
1 2 is mterestmg , the 6 methyl group m no 12 should 
make httle difference to its oxidizabihty ortho to the 
ammo group (i e m the 2- or 4 positions), or to the 
oxidation-reduction potential of the oxidized com 
pound, but it IS possible that the methyl group 
sterically hmdered the peroxidative reaction 
Similar considerations apply to no 10 (compare 
no 9) and to nos 16 and 16 which have been dis 
cussed above No 6 has no oxidizable position ortho 
to its ammo group 

The 3-ammoacridme effect appears to depend on 
the mechanism shown m the scheme on p 136 
In the case of the hydroxy compounds (e g 3 
hydroxyacndme) the reduced form’of the reversible 
system is probably an o dihydric phenol, and the 
oxidized form an o qumone 

Evidence has been found that solutions of cyto 
chrome c, prepared by the method of Keihn <S. 
Hartree (1946), may contam small amounts of 
hydrogen peroxide Tins could make a considerable 
difference to m vitro studies, for example by 
mitiating coupled oxidations, such as have been 
described above Work which is proceedmg on this 
subject wdl be reported separately 

Some examples wdl now be mentioned m wfrcii 
previous workers seem to have met the e ec 
reported here without havmg recogmzed its true 
nature 


Table 6 Tlie effect tenth 2-armnoacrtdtne at pH 8 6 and 25 

(Each flask contamed test substance, ascorbate and cytochrome c m the concentrations shown m Table 

buffer, pH 8 5 (0 036 m) was used ) ^ 

’ ^ ' ' ' Percentage un ionized at 

. _ * — , 



t 

(min ) 

V 

(fd Oi/mm ) 

pH 8 6 

'"y 

pH 7 0 

2 Ammoacndine 

120 

08 

78 0 

10 3 

2 Aminoacnduie with H.O., 10“®M 

0 

60 

— 


3 Ammoacridme 

00 

1 6 

99 8 

94 1 

3 Ammoacndine with HjO., 10“’m 

0 

10 6 

— 
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Ames, Ziegeiilingen & Elvehjem (1946), iising 8- 
h^d^oxJqllmobne as a copper-romovmg reagent iii 
systems contammg ejiiochrome oxidase, c\docliromo 
c and ascorbic acid, reported a ‘non-en/jnnic 


136 

liydrogeii peroxide only if 'substances capable of 
forming qumones are present ’, his examples of the 
latter bemg vanillm, p-phenylenediamine and fresh 
adrenal extract (but not adrenaline) 


H 



reaction m mhich a rapid oxj'gen uptake masked the 
enzimie reaction ’ This was nrithout doubt duo to the 
reaction of 8-hydroxyquinohne as described above 
(of Table 6 ) A s imi lar stimulation of ox^'^gen uptake 
vas found by Stotz, Harrer, Schultze & lung (1937) 
■when 8-hydrosyqumohne ■was added to ■« ashed liver 
brei to lyhich ascorbate and baemoljTied blood had 
been added Washmg the tissue removed blood 
pigments and other haematm compoimds, and m the 
absence of haemolyzed blood no stimulation ■was 
found From the "work of Lemberg, Legge & Lock 
wood (1939), the oxygen uptake on mcubation of 
haemoh^zed blood "with ascorbate at pH 7 is kno'wn 
to be due to a coupled oxidation resultmg m chole- 
globm formation, this process is stimulated by 
hydrogen peroxide and mhibited by catalase Stotz 
a? (1937) observed green pigment formation "when 
8 hydroxj qumohne was present, and it has smee 
been found (Mr E C Foulkes, private commumca 
tion) that choleglobm formation is markedly 
accelerated on addition of the earner 7-aimno-S- 


hvdroxyqumohne (Table 6) to haemolyzed blood 
meubated ■with ascorbate at pH 7 and 37'’ The 
uifluence of 8-hydroxyqmnohne may be explamed 
hy assurtung prelmunary peroxidative oxidation of 
the 8 hydroxyqumohne to a hydrogen carrier, 
which catalyzes the oxidation of the ascorbate ■with 
^Creased rate of oxygen uptake as desenbed by 
otz et al Tlie peroxide produced m this earner - 
^talyzed oxidation should accelerate choleglobm 
ormation, and the same explanation would apply 
0 die experiment ivith pre-formed earner 

auber (1936) showed that horseradish peroxi- 
® catah’zes the oxidation of ascorbic acid by 


Tlie possibilitj' must be kept m mmd that carriers 
of tliese tj-pes mav also be formed tn vito, the intro- 
duction of liydroxyl groups mto benzenoid rmgs 
bemg a •well-knoivn biological mechanism Specifi- 
callj% Fuhner (1904) found that acridme fed to 
rabbits was excreted m the urme as 3 6 dihydroxy- 
acridme and later Fidmer (1906) showed that 
when qumohne was given to man a substance 
appeared m the urme which oxidized m air to the 
o qmnone (IX) 



(l^) 


Schonhofer (1942) found an mterestmg relationship 
among ammoqumohne compounds, m thatgameto- 
cidal antimalanal actnnty was linked -with the 
possibdity of their biological conversion to qumonoid 
compounds 

SUMMARY 

1 Cytochrome c and methaemoglobm catalyze 
(^T^ mtro) the oxidation, by hydrogen peroxide, of 
certam ammo- and hydroxy aendmes and -qumo- 
hnes 

2 The oxidized products are hydrogen carriers 
which efficiently promote the autoxidation of 
ascorbic acid or cysteme 

3 The oxidized forms of the carriers appear, m 
the case of the ammo compounds, to be o-qumon- 
immes and, m the case of hydroxy compounds, 
o- qumones 
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4 The mechanism of the formation and action of 
the carriers is discussed 

Dr R Lemberg is thanked for his gmdance on several 
important pomts, and for providing facihties and accom- 
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Prof A Burges for providmg facihties and aocommodation 
m the Umversity of Sydney The work was financed by a 
grant from the Wellcome Foundation 
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Metabolism of Derivatives of Toluene 

2 NUCLEAR METHYL-SUBSTITUTED DERIVATIVES OF N-PHENYLUREA 

By H G BRAY, H J LAKE aot) W V THORPE 
Department of Physiology, Medical School, University of Birmingham 

1 

{Received 4 June 1948) 


The compoimds mcluded m this study were N- 
phenylurea and N- (o-, m and p tolyl)ureas The 
metabolism of these substances does not appear to 
have been mvestigated previously, although two 
drugs which may be regarded as derivatives of N- 
phenjdurea have received attention ‘Elbon’ 
(I, R = CflHj) was shown by Mormaka (1922) to be 

R OH==CH,CO CONH, ' (I) 

hydrolyzed m the rabbit to give benzoic acid and 
N-(p-hydroxyphenyl)urea, the former being ex 
creted as hippunc acid and the latter as ether 
glucuromde, which was obtamed as a crystalhne 
potassium salt Tsunoo (1935) showed that 
‘Ethynal’, the corresponding 2-furyl derivative 
(I, -R = C 4 H 30 ) gave rise m the dog to 2-(2'-furyl)- 
acrylic acid (excreted as sucli, and as its glycme 
conjugate) and the glucuromde of A^-fp-liydroxy- 
phenj l)urea , m the rabbit its fate was behoved to be 
similar, although only the glucuromde was isolated 
La man the onlj’- metabolite identified was furan- 
2-carbox\ he acid (a-furoic acid) 


There appears to be no account m the litera 
ture of the behaviour in vivo of the ureido group 
( — ^NH CO NHj) attached to an aromatic ring, 
except for the two papers mentioned above, 
although compoimds contammg it were often 
claimed as metabohtes of ammo compounds, by 
earher workers Such ‘ urammo ’ compoimds mclude 
those stated to be derived from sulphamho acid 
(Ville, 1892), antliramhc acid (Mitsuba & Ichdiara, 
1927), m armnobenzoic acid (Salkowski, 1882) and 
various ammohydroxybenzoic acids (PruszjTisk], 
1893) All these compounds were believed to have 
been formed by the conjugation of urea with the 
ammo group of the substance administered, am 
moma bemg e limin ated. These observations have, 
however, not been repeated m more recent mi esti 
gations and it now appears likely that the coraponnt 
were artefacts, formed durmg isolation, which in 
most early mvestigations, mvolved evaporation 0 
the urine to dryness (cf Sclimidt & Allen (1920) on 
Salkowski ’s (1873) urammo compoundfrora taurine, 
Friedmann (1931) on excretion products of a 
thylalanme and Bray, Lake, Neale, Thorpe A V 00 
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(19486) on nmmobcnzoic acids) This process is now 
rarely used, liavmg been superseded hy direct 
extraction of the urine itli ether or other solvents 
in continuous extractors ^ 

It has been shown that neither acetylation nor 
alkylation of the ammo group of anilmo alters tho 
position m winch the hydroxjd group enters as a 
result of biological hydroxylation aniline and 
acetamlide both give the para hydroxy derivative 
and acetamhde also gives the ortho compound 
(Schmiedeberg, 187S, IMuller, 1887, Jaffd & Hilbert, 
1888, Momer, 1889), W-dimethjd- and AA^'-di- 
ethyl anihnes both give para hvdroxy deni ativcs m 
the rabbit (Horn, 1936, 1937) It vas, therefore, of 
interest to determme whetlior modification of tho 
ammo group as it occurs in N phonylurea derivatives 
has any influence different from acetylation and 
alkylation 

The metabohtes which rmght bo expected from 
phenylurea and the tolylureas would be tho free 
ammo compounds or their acetyl derivatives, hy- 
droxylated derivatives either free or conjugated 
with glucuromc or sulphuric acid, and, m the case of 
the tolylureas, the corresponding benzoic acids 
formed owmg to the oxidation of the methyl group 
These acids might be free or conjugated with 
glucuromc acid or glycme 

The mvestigation carried out was similar to that 
described m Part 1 of this senes (Bray & Thorpe, 
1948), mcludmg a quantitative study of the effects 
of the four compounds upon the excretion of ether- 
soluble acid, diazotizable material, glucuromdes and 
ethereal sulphates by the rabbit Quahtative studies 
mcluded the isolation of oxidation and hydroxyla 
tion products smailar m nature to those obtamed 
from the acetotoluidides 


materials and methods 

Materials The N phenylurea derivatives necessary for 
investigation were readily prepared by the mteraction 
0 aqueous solutions of NaCNO and of the hydrochloride ol 
e corresponding ammo compound It was found that at 
cast three reorystallizations from aqueous ethanol were 
necMsary to give a product which gave a neghgible colour 
n mzotizing ^ and coupling Commercial preparations 
(L iif toIyl)urea (Glenatosan) and iV-phenylurea 

(h' H required similar treatment The two N 

^ ^^®%lphenyl)ureas were prepared from the 
not ammocresols (Bray & Thorpe, 1948) and dc 

/ivd ^ have been described previously N (4- 

ni formed large colourless pnsms, 

PeCl til' gave a transient weak blue colour with 

blun^' 1 ^ reaction wm negative, although a fami 

mdnnt ‘^^^eloped after 30 mm The compound gave nc 
M 10 ® require* 

whitp T„v^i [dr-hydroxy 3 methylphenyl)urea formed 
colorati ^ gave a transient famt browi 

diazo and mdophenol reactions wen 
0 ( ound N, 16 9 CJbHkN.O, requires N, 16 89 % ' 


It was found that most plionyluroa den vativ cs on keeping, 
cither ns sohd or in solution, were hydrolyzed bo that 
diazotizable material could bo detected Table 1 shows 
results obtained uith JV-phonyluroa Tho extent of this 
hydrolysis was somewhat greater m tho case of m and p 
uroidobcnzoio acids and somewhat less with tho three 
tolylureas It v as for this reason that the compounds ad 
inimstercd to tho rabbits were rccrystalhzed from aqueous 
ethanol inimcdiatoly before an exponment In some cases 
Bcicral rccrystalhzations faded to give a product entirely 
free from diazotizable material Control expenmonts in 
■winch phonjdurca derivatives wore loft sthndmg in normal 
rabbit unno for 20 hr gave results for free ammo compound 
(by diazo reaction) corresponding to about 2% It is, 
therefore, concluded that the free ammo values observed in 
the cxponmcntal urines (Tables 2-5) are probably due to 
spontaneous hydrolysis rather than to any metabohe 
changes 


Table 1 Spontaneous decomposition of 
-phenylurea at 20° 

Percentage conversion to anihne 

A 


Time 

Aqueous solution 

Sohd recrystaUized 

(hr) 

(219 mg /lOO ml ) 

fixim aqueous ethanol 

0 

— 

0 

05 

06 

— 

2 

06 

04 

10 

1 9 

0 8 

98 

32 

3 1 

190 

72 

77 


The tw 0 A (liydroxymethylphenyl)ureas are more stable 
in the sohd state ^Vhen heated m solution some decomposi 
tion occurs, especially -with N (4-hydroxy 3 methylphenyl) 
urea, which could only ■mth difQculty he obtamed with the 
ureido group mtact by mdd hydrolysis of its glucuronide 
(see p 140) 

Diet and dosage The rabbits used were does of 2-3 kg 
The diet of rabbit peUets (Bruce & Parkes, 1946) and water 
previously described (Bray, Hyman & Thorpe, 1947) was 
mamtamed throughout the study The compounds in 
vestigated were admmistered by stomach tube as suspen 
sions m water None of the tolylureas showed any toxic 
effect at a dose level of 0 26-0 30 g /kg , but phenylurea 
was appreciably ■toxic at this level, the rabbits recovermg 
completely m a few hours 

Methods of analysis These were essentially the same as 
those used m the acetotolmdide study (Bray & Thorpe, 
1948), but mcluded also estimation of the reducing value of 
imne hydrolyzed for 1 6 hr with HCI (cf Bray, Neale & 
Thorpe, 1946) The hydroxylation products formed as meta 
bohtes of phenylurea and o tolylurea did not reduce the 
Shaffer Hartmann reagent to any appreciable extent either 
before or after hydrolysis under the conditions used The 
hydroxylation product of m tolylurea was, however, 
shghtly reduemg after hydrolysis (3 44 mg =1 mg glucose) 
and allowance for this was made m the same way as for 
hydroxysulphapyndme (Bray et al 1946) Estimation of 
diazotizable material in hydrolyzed urme was not carried 
out owmg to the difficulty of finding conditions which 
would give quantitative results The ureido compounds are 
not completely hydrolyzed under Bratton & MarshaU’s 
(1939) conditions even a tenfold increase m concentration 
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of acid faded to achieve complete hydrolysis (This ib but 
pnsmg m view of the spontaneous hydrolysis of these com 
pounds already referred to ) The use of this more concen 
trated acid is attended by the difficulty of adjustmg the 
aeidity to that smtable for development of the diazo colour 
which IS retarded or inhibited by excess of acid Another 
source of error is that, unless suitable precautions are taken, 
amhne and tolmdine may be lost m steam during hydrolysis, 
even from acid solution Fmally, there is the comphcation 
of the choice of a smtable standard smce hydrolysis of the 
urmesmay yield more than one diazotizable compound, and 
the diazo colours given by the compounds differ consider 
ably, e g amhne and p ammophenol, tolmdme, ammo 
cresol and ammobenzoic acid The standards used for the 
diazo estimations, whieh were performed, were amhne 
sulphate for phenylurea, o toluidme hydrochlonde for o 
tolylurea and m and p ammobenzoic acids for the corre 
spondmg tolylureas An attempt was made to devise a 
method capable of disting uishin g between acetamido and 
ureido compounds, but it was found that even under the 
mildest conditions necessary for the hydrolysis of the 
former, the ureido derivatives were hydrolyzed to some 
extent 

RESULTS 

Quantttaitve atudtes 

Eaxretwn of normal metabolites The average daily excre 
tion of normal motabohtes by mdividual rabbits used m 
this study was as follows ether soluble acid (as hippunc 
acid), 63^-863 mg , the day to day vanation for each rabbit 
usually bemg leas than ± 7 % of the mean, reducmg material 
(as gluouromc acid), 110-202 mg , the day to day vanation 
for each rabbit usually bemg leas than ± 13 % of the mean, 
average mcrease of r^ucmg matenal on hydrolysis, 76%, 
ethereal sulphate, 32-63 mg SO3, the day to day vanation 
for each rabbit usually bemg withm ± 10 % (1 e approx 
6 mg SO3) of the mean 

Metabolism of N phenylurea Table 2 summarizes the 
results obtamed It can be seen that an average of 46 % of 
the dose is hydroxylated and conjugated with sulphunc 
acid (20%) and glucuromc acid (26%) The prmcipal 
hydroxylation product is N {p hydroxyphenyl)urea and 
some, at least, is excreted unconjugated, as evidenced by 
the purple colour which phenylurea unnes give with FeCIj 
The remamder of the dose is presumably excreted un 
changed, but it was not possible to demonstrate this 
quantitatively, owmg to the stabihty of the ureido 
group 


1949 

Metabolism of o tolylurea The quantitative results ob 
tamed are given m Table 3 Little or no oxidation of the 
methyl group occurs, smce there is no mcrease m excretion 
of ether soluble acid or ester glucuromde, but an average of 
36 % of the dose is hydroxylated, about 4 % of the resulting 
-^-{4-hydroxy 2 methylphenyl)urea bemg conjugated with 
sulphunc acid and 31% with glucuromc acid 

Metabolism of m tolylurea As may be seen from Table 4, 
which contains the quantitative results obtamed, an average 
of 46 % of the dose is oxidized to a carboxyhc acid, of which 
the mam part (41 %) is excreted unconjugated and only 4% 
as ester glucuromde In addition hydroxj lation takes place 
(14%), the produet bemg excreted conjugated as both 
ethereal sulphate (10%) and ether glucuromde (14%) The 
reducmg properties of the hydroxylation product {N (4 
hydroxy 3 methylphenyl)urca) under the conditions of the 
estimation were allowed for as previously desonbed 

Metabolism of p tolylurea Table 6 summanzes the results 
obtamed About 80 % of the dose is oxidized to p ureido 
benzoic acid, of which only a small amount (6%) is ex 
creted m conjugated form 

Stability of ureido compounds to rabbit liver extracts The 
expenments described above do not preclude the possibdity 
that shght hydrolysis of the ureido group occurs in vivo If 
this does occur it might be expected that extracts of rabbit 
liver would bring about the hydrolysis in vitro It was, 
however, found that mcubation of E phenylurea, iV (p 
hydroxyphenyl)urea, the three tolylureas and m and p 
ureidobenzoic acids (c 0 01 M m buffer pH 7 4) with rabbit- 
hver extract prepared as previously desonbed (Brai, 
James, Ryman A Thorpe, 1948a) gave nse to no hberation 
of diazotizable matefial beyond that formed by spontaneous 
hydrolysis m the controls Similarly, phenj lurea was 
not hydrolyzed by rabbit kidney extract 

Qualitative studies 

’^-Phenylurea The urme excreted by rabbits whicli had 
reeeived phenylurea gave a purple colour with FeClj, 
suggestmg that an unconjugated phenoho compound was 
excreted We were not able to isolate the compound re 
sponsible, however, by means of ether extraction at vnnous 
values of pH The quantitative results given m Tabic 2 
suggest that about half the dose might be excreted un 
changed, but it was not possible to isolate N phonyluren 
from the urme by extraction with either ether or metby 
ethyl ketone (The latter extracts N phenylurea which has 
been added to urine ) A small amount of phenylurea was 
obtained during the isolation of the glucuromde ^ 


Table 2 Metabolism of N phenylurea in the rabbit 

Percentage of dose excreted as 


> ^ 



Dose 

Ether 

Free ammo 

Ethereal 

no 

(g/kg) 

glucuromde 

compounds 

sulphate 

162 

03 

21 

07 

25 


17 

<1 0 

24 



24 

0 


166 

03 

31 

24 

10 


36 

<1 0 




33 

0 

— 

160 

0 3 

25 

0 

16 



12 

<1 0 

— 



32 

0 

— 


A\ 

26 

<1 0 

20 



139 


Vol 44 METABOLISM OF PHENYLUBEA DERIVATIVES 


it was hot possible to obtam an amount approximatmg to 
that nnacoounted for 

Phenyl urea imne was hydrolyzed ivith acid (cf Bray & 
Thorpe, 1948), neutrahzed and contmuously extracted •with 
ether Prom 9 0 g iV-phenylurea given to ten rabbits 0 6 g 
of a orystallme compound, m p 186°, was obtamed It 
gave a positive diazo reaction and a purple brown colour 
with FeClj Mixed with an authentic specimen of p ammo 
phenol (m p 187°) it melted at 187° The identity of the 
compound was further confirmed by comparing its acetyl 
denvative (m p 168°) with authentic p acetamidophenol 
(m p 169°) The mixed m p was 169° In the diazo tests on 
the crude extract a yellow colour was obtamed with HNO., 
it was thought that this might be due to the presence of an 
0 ammophenol denvative, but attempts at its isolation were 
unsuccessful 


Prom 6 g phonylurea given to six rabbits a glucuromde 
was isolat^ as previously described (Bray el al 1947) from 
which a crystalhne potassium salt (160 mg ) was obtamed, 
as descnbod by Mormaka (1922) and Tsunoo (1936) The 
properties are given and compared m Table 6 with those of 
the compounds obtamed by the Japanese workers We were - 
unable to isolate N (p hydroxyphenyl)urea by the hydro- 
lysis of the glucuromde, but on sublimation of the potassium 
salt with soda hme, p ammophenol was obtamed and 
identified as previously described The glucuromde did not 
form a crystaUme banum salt Durmg an attempt to isolate 
the glucuromde through its barium salt a small amount of 
A^'-phenylurea was isolated 

o Tolylurea Extraction of neutral o tolylurea urme wuth 
ether gave a small quantity of crystals, m p 190°, w hich 
were identified as o tolylurea Yield, 8 % of the dose The 


Table 3 Metahoh^m of o tolylurea lyi the rabbit 


Rabbit 

ZDoS 6 


Percentage of dose excreted as 

A 


no 

(g /kg) 

< 

Ether soluble 

Ester 

Ether 

Free ammo 

Ethereal 



acid 

glucuromde 

glueuromde 

compounds 

sulphate 

152 

03 

0 

0 

28 

<1 0 

6 



0 

0 

10 

— 

— 



0 

0 

28 

1 4 

— 



0 

0 

38 

<1 0 

— 

166 

03 

0 

0 

33 

<1 0 





16 

0 

17 

— 

0 



0 

0 

37 

1 8 




0 

0 

32 

<1 0 

— 

166 

03 

0 

0 

28 

<1 0 




0 

0 

19 

— 





0 

0 

44 

<1 0 

6 



0 

0 

30 

<1 0 


168 

03 

12 

0 

66 

<1 0 




27 

0 

20 






0 

0 

31 

1 7 

3 



8 

0 

37 

<1 0 



Ay 

4 * 

0 

31 

<1 0 

4 


evidence of oxidation of the methyl group it seems likely that the positive values m this column 
are due to abnormal fluctuations m the base hue values, and that the true figure here is 0 


Rabbit 

no 

178 


182 


190 


191 


Table 4 Metabolism of m tolylurea in the rabbit 


Dose 
(g /l-g ) 
03 


03 


03 


03 


Av 


Ether soluble 
acid 

44 

40 

27 

40 

42 

31 

36 

36 

46 

41 
49 

40 

52 

48 

36 

41 

41 


Percentage of dose excreted as 


Ester 

glucuromde 

7 

4 

0 

3 

7 

0 

6 

4 

4 

3 

4 

3 

9 

6 

4 

5 

4 


Ether 

glucuromde 

11 

12 

13 

13 

12 

18 

9 

21 

16 

17 

8 

19 

14 
14 

6 

20 
14 


Free ammo 
compounds 
1 4 
18 
1 1 


1 3 
26 
1 6 


1 5 
22 
1 6 


14 
18 
1 6 


1 6 


Ethereal 

sulphate 

12 


8 


11 


9 

10 
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Table 5 Meiabolism ofp4olylurea tn the rabbit 


Rabbit 

no 

152 


166 


160 

168 


Dose 
<g /kg ) 
03 


03 


03 

03 


Av 


Percentage of dose excreted as 


! 

Ether soluble 

Ester 

Ether 

Free ammo 

acid 

glucuromde 

glucuromde 

compounds 

62 

2 

0 

23 

81 

4 

0 

1 7 

66 

88 

4 

0 

22 

86 

6 

0 

2 1 

78 

8 

0 

28 

79 

8 

0 

21 

85 

— 

— 


— 

8 

0 

29 

— 

• 7 

0 

1 7 

— 

6 

0 

18 

96 





80 



. 



87 

— 

— 

— 

80 

6 

0 

22 


Table 6 Properties of potassium salts of 4:-ureidophenylglucuronide 


%N 

%K 

[ajj, in water (°) 
JLp (decomp ) (”) 


From i'f-phenylurea 
m rabbit 

7 69 
10 70 

- 70 1 at 23 
257 


From ‘Elbon’* 
in rabbit 

7 69 
10 62 

- 74 09 at 20 
231 


From ‘Ethynal’t 

A 


In dog 

76 

1107 

-67 8 at 29 
243 


In rabbit 
7 31 

-69 3 at 23 
231 


* Monnaka (1922) 


t Tsunoo (1936) 


1949 


Ethereal 

sulphate 

0 


1 


0 


0 


Calc for 
CuHjAOsK 
765 
10 68 


nrme was acidified and re extracted, but only huppunc acid 
■was isolated No acetotolmdide was detected. 

Extraction of neutral, hydrolyzed nrme gave a crystalline 
product which darkened rapidly Treatment with charcoal 
and recrystfdhzation from aqueous ethanol contaunng SO, 
gave 50 mg light yellow crystals, m p 178°, which gave a 
red-purple coloration with FeCl, and positive diazo and 
mdophenol reactions mixed with an authentic specimen of 
2 ammo 6 hydroxytoluene (m p 179°), m p 179° The 
acetate of the compoimd isolated (m p 126°) gave a blue 
violet colour with FeCl, and was shown to be identical -with 
an authentic specimen of 2-acetamido 5 hydroxytoluene 
CrystaUme banum or potassium salts of the glucuromde 
could not be obtamed and attempts to obtam a ciystaUme 
glucuromde were unsuccessful, the product bemg a syrup 
On hydrolysis of this with 2 n HCl 50 mg of crystals, m p 
230°, were obtamed The identity of this compound with 
N-(4-hydroxy 2 methylphenyl)urea was shown by com 
panson ■with an authentic specimen (Found N, 16 6 
Calc for CgHioNtOj N, 16 89% ) 

m Tdlylnrea Ether extraction of m tolylurea urme as 
collected yielded no product, but from the acidified 
(pH 1 5) urme a compoimd, m p 290° (decomp ), was ob 
tamed m a yield correspondmg to 26% of the dose ad- 
mmistered The compound had the same properties as 
synthetic m ureidobenzoic acid and contamed 16 6% N, 
calc for CgHgNjO, N, 16 66 % After hydrolysis for 2 hr 
with 2x-HCZ, extraction with ether gave a crystallme pro 
duct, m p 177°, which was shown to be identical with 
authentic vi armnobenzoic acid, and its identity was further 
confirmed bv comparison of the N acetvl derivatives It is, 
therefore, concluded that the compound ongmally isolated 


was m ureidobenzoic acid No m acetotolmdide or tolmdino 
was isolated 

Ether extraction of neutral, hydrolyzed m tolylurea 
urme yielded yellow-brown crystals, m p 174°, which gave 
with Fed, a red brdwn colour, ohangmg slowly to red 
purple, and a positive mdophenol reaction. On diazotizing 
and couplmg with N (1 naphthyl)ethylenediamme di 
hydrochlondo a pale blue colour slowly givmg place to 
purple was observed, which is charaotenstio of some ammo 
cresols, e g 6 ammo 2 hydroxytoluene, 2 ammo 6 hydros} 
toluene Yield, 40 mg from four doses of 0 9 g This com 
pound was identical with an authentic specimen of 6 ammo 
2 hydroxytoluene (m p 176°), mixed m p 174° Its acetyl 
derivative melted at 180°, and did not depress the meltmg 
pomt of a synthetic qiecunen of 6 acetanudo 2 hydrorr 
toluene This does not give a colour with Fed, (Found 
N, 8 31 Calc for CgHjiNO, N, 8 48 % ) 

Attempts to obtam a crystallme glucuromde (or salt) 
were uuBuccessful, only a syrup bemg obtamed The syrup 
was hydrolyzed by refluxing for 2 hr with 2x HCl and 

extracted with ether The ether soluble material was divided 

mto two parts From one 6 ammo 2 hydroxytoluene was 
obtamed and identified as above the other part was 
acetylated, gi-vmg 6 acetamido 2 hydroxytoluene and m 
Bcetamidobenzoio acid This findmg is m agreement wit 
the results shown m Table 4, mdicatmg the presence of hot 1 
ester and ether type glucuromdes After several attempts to 
obtam N (4 hydroxy 3 methylphenj I)urea by milder h\ 
drolysis of the glucuromde syrup (20 mm on boding water 
bath -snth n HCl), about 6 mg straw coloured needles, 
m p 195°, were obtamed m one experiment These gave a 
brown colour with FeClj and, after hydrolysis, mdopheno 



Vol 44 ]\IETABOLISM OF PHENYLUREA DERIVATIVES 141 


and diazo reactions sinulnr to those given by 5 ammo 2- 
hydroxytoluene Mixed m p inth authentic N-(4: hydroxy 
3 methylphenyl)urea (m p 198“), 195° The amount -n ns in- 
sufSoient for purification for analysis Small amounts of 
m tolylurea ivere also obtamed 
p Tolylurea Extraction of acidified p tolylurea urme 
yielded an acid ivhich did not melt below 300° Yield 1 2 g 
firom a total dose of 3 6 g After rccrystalhzation from 
aqueous ethanol it was found to contam 10 0% N (Calc 
for GaHjN.Oj N, 16 66% ) Acid hydrolysis gave a crystal 
line product, m p 187°, Avhioh was shown to bo identical 
with p anunobenzoic acid (m p 189°), mixed mp 189° 
This was confirmed by companson of the acotamido com- 
pounds It IS, therefore, concluded that the product iso 
lated from urme was p ureidobenzoio acid No other 
metabohte was isolated 

DISCUSSION 

Table 7 summarizes the quantitative results obtamed 
mthismvestigation, together until the corresponduig 
results obtamed vritli acetotolmdides (Braj'^ & 
Thorpe, 1948) It can be seen that the metabolic 
fates of the two types of compound are very similar, 
the mam differences bemg quantitative rather than 
quahtative, e g the percentage conjugation of the 
hydroxylation products with sulphuric and glucu- 
romo acids 

Although the ureido group m the compounds 
studied appears to be stable zn vivo, as evidenced by 
the fact that various metabohtes were isolated with 
it mtact, the tendency to spontaneous decomposition 
suggests that some hydrolysis might be expected to 
occur It is theoretically possible that ammo com- 
pounds arismg m this way may bo acetylated before 
excretion Attempts were made to identify acet- 
anudobenzoic acids and acetotolmdides among the 
excretion products, m every case without success 
Owmg to the difficulties of distmgmshmg between 
®iid separatmg N phenylurea derivatives and 
acetanudo compounds, we do not regard the question 
as havmg been finally settled, although enzyme 


experiments lend support to the view that the 
ureido group is stable in vivo 

Other compounds m winch a ureido group is 
attached duectly to the aromatic rmg do not appear 
to have been mvestigated, but the hteratiue provides 
some information as to the stabdity of tins group 
attached to aliphatic or other residues Koehne 
(1896) stated that biuret was excreted unchanged by 
the dog, and Goebler & Keltch (1926) found over 
50 % of hydantom or hydantoic acid was excreted 
by the dog os hydantoic acid, there bemg no evidence 
of further breakdovm Several diphenylhydantoms, 
however, are excreted by man and dog as the di- 
phenyUij'dantoic acids, and, to a much greater 
extent, as the corresponding a-ammodiphenylacetic 
acids (Hme & KozeUra, 1943) Benzoylurea (Koehne, 
1896) and benzyhdenediureide (Bulow, 1894) m the 
dog appear to lose the ureido group mtact with the 
formation of urea 

The hydroxylation products of the tolylureas 
resemble exactly those from the acetotolmdides, all 
their constitutions bemg m agreement with the 
general rule suggested previously (Bray ei al 1 948 b) 
It IS clear, therefore, that modification of the aro- 
matic ammo group by conversion to a ureido group 
does not change the nature of its influence on the 
position taken up by the entermg hydroxyl group 

SUMMARY" 

1 The metabohsm of the three N-tolylureas m 
the rabbit has been shown to be similar to that of the 
correspondmg acetotolmdides 

2 The ureido group m these compounds appears 
to be stable m the rabbit and to rabbit-hver extracts 
in vitro 

3 o-Tolylurea is converted to N (4-hydroxy-2- 
methylphenyl)urea (36% of the dose) which is 
excreted as ethereal sulphate (4 %) and glucuromde 
(31%) Tlie methyl group is not oxidized to any 


Table 7 Oompanson of metabolism of N tolylureas, acetotolmdides and -phenylurea m the rabbit 


Percentage of compound 


Compound 
■‘I 0 Tolylurea 

0 Acetotolmdide* 

A m Tolylurea 
"i Acetotolmdide* 
P Tolylurea 
T Acetotolmdide* 
Phenylurea 


Excreted 
as ether 

Excreted 

Oxidized to 

Excreted 

Excreted 


Excreted 

soluble 

as ester 

carboxyhc 

as ether 

as ethereal 

Hydroxy 

with free 

acid 

glucuromde 

acid 

glucuromde 

sulphate 

lated 

ammo group § 

0 

0 

0 

31 

4 

36 

<1 0 

8 

— 

6t 

— 

32 

32t 

5 6 

41 

4 

46 

14 

10 

24 

1 6 

34 

— 

26t 

— 

10 

lot 

Trace 

80 

6 

86 

0 

0 

0 

2 2 

78 

10 

98t 

— 

0 

ot 

0 8 

— 

0 

— 

26 

20 

46 

<1 0 


iiiorpe (1948) 

+ diazotizable matenal 

? Ml tile, smee no ether glucuromde \ alue is mcluded 
\ -ajl tne vallipq 1 


^ All the 1 110 ether glucuromde \ alue is mcluded 

I*! drolysiB oolu^, with the exception of that for o acetotolmdide, are probably due to spontaneous 

A Thorpe, hydrolyze spontaneously, although to a smaller extent than does A phenylurea (Bray, 
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appreciable extent 
unchanged 

4 ni Tolylurea is oxidized to w-ureidobenzoic 
acid (46 %), 4 % of winch ib excreted as ester glucu- 
ronide, and hydroxylated to N (4 hydroxy-3 
inethylphenyl)urea (24 %), of which 10 % is excreted 
as ethereal sulphate and 14 % as ether glucuromde 
Some irt-tolylurea is excreted unchanged 

6 ^j-Tolylurea is almost completely oxidized to 
p-ureidobenzoic acid (86%), of winch only 6% is 
conjugated as ester gluciuomde, the remamder bemg 
excreted free 


1949 

6 A^-Phenyliuea is partly hydroxylated toN {ji 
hydroxyphenyl)urea (46%) which is conjugated 
almost equally with sulphuric acid (20%) and 
glucuromc acid (26%) Some phenylurea is 
excreted unchanged 4-Ureidophenylglucuronide 
wad isolated from iV-phenylurea unne as its crystal 
line potassium salt 

Wo are indebted to the Royal Society for a Government 
Grant which defrayed part of the cost of this work The 
microanalyses were earned out by Drs Weder and Strauss, 
Oxford 


H G BRAY, H J LAKE AND W V THORPE 
Some o-tolylurea is excreted 
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The most important reactive groups m collagen are 
ammo, guamdmo and carboxyl, all of winch are 
present m comparatively large numbers, few 
phenohe, hydroxyl and mudazole groups are present 
and mdole groups are absent (Bowes & Kenten, 
1948 a) A study has now been made of the effect of 
modification of the ammo, guamdmo and carboxyl 
groups on the acid and base hmdmg capacity, and 
on the swelhng of collagen The combmation of the 
modified coUagens with vegetable tannins, basic 
chromium salts and formaldehyde has also been 
investigated primarily because of the importance of 
these three classes of compound m the conversion of 
collagen to leather Moreover, the fixation of metals 


by proteins is of general mterest, and mforination 
concemmg the factors affectmg the fixation 0 
tannins may help to throw hglit on the association 
of tannins and proteins m nature 

The ammo groups of proteins can readily be 
converted to hydroxyl groups by the action 0 
mtrous acid The reaction is not entuely specibc, 
however, smee at low pH values, or if the reaction is 
prolonged, modification of the guamdmo, imidazole, 
tyrosme and glutamide groups may also take p ac 
(for remew of literature see Olcott & Froen e 
Conrat, 1947) With soluble proteins, reaction witn 
the ammo groups is rapid aud other reactions a 
probably neghgible, but with fibrous proteins, sue 1 
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as collagen, the reaction must be prolonged to allow 
tune for the mtrous acid to diffuse mto the mtorior of 
the fibres, and some modification of other groups 
probably occurs Prenous workers who have used 
tins method with collagen did not deterrmne the 
extent of specificity of the reaction (Thomas & 
Foster, 1926, Thomas & Kelly, 1926, Gustavson, 
1926, Meumer & Schneikert, 1935, Atlcin, 1937, 
Bowes & Pleass, 1939, Highberger & Retzsch, 1939, 
Wilson & Yu, 1941, Gustavson, 1943, Lollar, 1943, 
Chang, Yen & Chen, 1944, Theis, 1946) 

Jlodification of the guamdmo groups has received 
little attention and no satisfactorj'^ method appears 
to be available Treatment Avith hj'pochlorite, as m 
the Sakaguchi reaction has been found to destroj’^ 
all the argmme present in soluble proteins, but histi- 
chne, tyrosme, trj^tophan and Ij^me are also 
affected, though to a lesser extent (Sakaguchi, 1925) 
Only about 43% of the argimne in collagen is 
affected by the reaction (Highberger & Salcedo, 
1940) In the present mvestigation, it was agam 
found that only 40-60 % of the argmme m collagen 
was destroyed by this treatment Roche Morgue 
(1946) have shown that the reactivity, m the 
Sakaguchi reaction, of the guamdmo group m 
Minio acid derivatives is influenced by the presence 
of other groups, some of which, notably aliphatic 
hydroxyl, prevent over 90 % of the guamdmo 
groups from reactmg It is possible that the diffi- 
culty ofremovmgmore than about half the guamdmo 
groups from the collagen is related to the same cause 
mce the reaction was obviously not specific to the 
guamdmo groups, and was accompamed by exten- 
sive general breakdowm of the collagen, it was not 
studied m detad 


number of the reagents which react with the 
oar oxyl groups of protems, e g diazomethane, 
uce 10 anhydride, keten, methanol, are not specific 
0 carbox-yl groups (Hemott, 1947, Olcott & 
^raenkel Conrat, 1947), and with some the con- 
ions necessary for reaction cause breakdown of 
e protem structure (Fodor & Epstem, 1937) 
ckbum. Carter & Philhps (1941) and Blackburn 
wnni'^ (1944) have studied the methylation of 
concl^'a* ^ ruethyl sulphate and methyl hahdes, and 
the mam reaction is esterification of 

°jyl groups It appeared, therefore, that 
Uiodifv^^ + 1 ^^ were hkely to be satisfactory for 
uffectiT^^fu^^ carboxyl groups of collagen ■without 
intb ^ *0 appreciable extent, and 

" ^mum risk of degradation 


experbiental methods 

^ Material 

sheepskins which had be 
(‘l^^'i’), treated w: 
trvpsm (‘hated’), and preserved with H,S 


and NaCl (‘pickled ’) The skms iv ere washed free of acid and 
salt, dehydrated ■with acetone, out mto stnps 1 x 6 cm (the 
edges of the skms being discarded), brought to equilibrium 
M ith distilled water (pH c 6), and finally dehydrated ■with 
acetone The titration curves of three batches of coUagen 
prepared as above (A, B and C) are given m a pre^vious 
paper (Bowes <t. Kenton, 19486) , they are referred to m text 
and tables as coUngen A B and G, ■with the prefixes D and 
M to denote deammated and methylated, respectively 

Treatment of collagen 

Deamination The method used was based on that of 
Thomas Foster (1926) CoUagen (100 g ) was soaked m 
distilled water overnight, 100 g NaNOj then added, 
followed by 100 ml glacial acetic acid A stream of COj was 
passed through the solution to mmimize oxidation of 
nitrous to mtnc acid and to agitate the solution After 
24 lu , a further 100 g NaNOj and 100 mk acetic acid were 
added and the reaction aUowed to proceed for another 24 hr 
The coUagen was nnsed ■with water, washed to remove acid 
in several changes of water contammg 10% (w/v) NaCl to 
mimmize sweUmg, brought to eqmhbnum -with distiUed 
nntcr (pH 6 0), and dehydrated with acetone Two batches 
of coUagen C (DC^ and DC.) and one of coUagen A {DA) 
were treated m this way 

Methylation IMethods used were similar to those of 
Blackburn et al (1941) (1) Dimethyl sulphate CoUagen 
(60 g ) was shaken ■with 600 ml M Na acetate buffer 
(pH 7 6) and 25 ml methyl sulphate for 1 hr This procedure 
was repeated fourteen or more times To reduce the extreme 
sweUmg of the methylated coUagen it was placed m a 10 % 
(w/v) solution of NaCl for 20 hr , then washed m distiUed 
water until free from Cl“, and dehydrated with acetone 

(2) Methyl bronude The coUagen was brought to equi 
libnum 'With a borate buffer at pH 9 0, dehydrated ■with 
acetone, air dried, and immersed m methyl bromide for 
14 days The latter was then aUowed to evaporate, and the 
coUagen washed as before and dehydrated ■with acetone In 
some cases the coUagen was rebuffered and treated for a 
further 14 days ■with methyl bromide Several batches of 
coUagen A (MA^ to MAj) and of coUagen C7 (MC^ to MCg) 
were methylated, also the oxhide coUagen prepared as 
previously desenbed (Bowes & Kenten, 1948 a) 

Combination of modified collagen with tannic acid, mimosa 
tannins, chromium and formaldehyde The modified coUagen 
(2 g ) m the form of pieces 1 cm square, and a piece 1x5 cm 
for shrink age temperature detennmations were soaked m 
water overnight and then placed m 100 ml of the foUowmg 
tanmng solutions adjusted ■to different pH values for the 
times stated Approximate eqiuhbnum should have been 
reached m these times 

(1) 10% (w/v) tanmo acid (British Drug Houses, Ltd ) 

for 7 days 

(2) 10% (w/v) tarmic acid + 0 6 m NaCl for 7 days 

(3) 10% (w/v) commercial mimosa tannin extract for 

7 days 

(4) 3 4% (w/v) chromic sulpha'te for 4 days 

(6) 0 36 % (w/v) formaldehyde for 3 days 

AU pH values were attamed with HCl or NaOH The tanmn 
solutions were uutiaUy adjusted to the required pH and 
then subsequently twice dady durmg the treatment The 
pH of the Crj(S 04)3 solutions was adjusted after 24 hr , and 
mamtamed at this pH value by frequent further additions 
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during the following 48 hr , no additions were made m the 
last 24 hr and the pH fell shghtly durmg this tune The 
pH’s of the formaldehyde solutions were mitially adjusted, 
and then allowed to fall durmg the treatment 

On the completion of the treatment the pieces were 
dramed, washed m Wilson Kem extractors ( Wdson & Kem, 
1921) with 9 1 distilled water for 20 hr and air dried 


1949 

ture so detemnned is the same as that determmed in water 
imder pressure 

Ttiratton and swdltng curves These were determmed as 
previously described (Bowes & Kenten, 1948a, 6) 

RESULTS 


Analysis of products 

Total N, amide N, amxno N and arginine The methods 
have been described previously (Bowes & Kenten, 1948a, b) 

Lysine This was determmed usmg a specific decarboxy- 
lase (Gale, 1946) Though this method may also determme 
an unknown fraction of the hydroxylysme it gives an mdi 
cation of the extent to which c ammo groups are modified 
Recent evidence (Heathcote, 1948) suggests that the 
apparent reaction of hydroxylysme with lysme decarboxy- 
lase may m fact be due to contamination of the hydroxy 
lysme with lysme 

0 Methyl groups These were determmed as methyl iodide 
usmg a semimioroalkoxyl apparatus (Clark, 1932, 1939, 
Viebock & Schwappach, 1930) Methionme also5neld3 methyl 
iodide by this method (Boemstem, 1932, 1930) the oxhide 
and sheepskm collagens gave values of 0 08 and 0 05 % of 
methyl, respectively 

N Methyl groups The method is desonbed by Pregl 
(1930) 0 Methyl and N methyl contents are expressed 
as a percentage of methyl on moisture- and ash free 
collagen and are corrected for the methionine content 
of the collagen 

Chloride and sulphate The former was deter min ed as 
desonbed by Highberger & Moore (1929) In the determma 
tion of SOi“, methylated collagen (3 g ) was heated for 3 hr 
on a steam bath with 30 ml 2 n HCl The solution was 
evaporated to diyness, the residue dissolved m 100 ml hot 
water and boiled with charcoal (Nonte) for 16 mm The 
solution was filtered, the charcoal extracted with boiling 
water, and the combmed filtrates neutralized with 2 ml 
6 n HCl, and the SO^" determmed as BaSOi Collagen gave 
no 804“ by this method, and recovery tests showed an 
accuracy of ±6% 

Tannin m combination with collagen This was determmed 
by drymg m a vacuum oven at 100-102° for 6 hr and 
weighing The amount of ta nnin fixed/100 g moisture and 
ash free collagen was then calculated from the mcrease m 
weight of the collagen 

Chromium The method used is descnbed by Davies & 
Innes (1944) Results are expressed as g CrjOj/lOO ml and 
mm ol. Cr/g moisture- and ash-free collagen 

Formaldehyde The treated ooUagen (2 g ) was steam 
distilled with 40 ml 2 n HjS 04 , 600 ml distillate bemg 
collected The formaldehyde was precipitated from smtable 
samples of distillate with dimedone (Yoe & Reid, 1941) 

ShrinLage temperature The temperature at which shnuk 
age occurs m water is a property characteristic of both 
collagen and treated collagens It has been related to cross 
linking m the protem structure (Theis, 1946) A modified 
form of the apparatus desonbed by Kflntzel (1943) was used, 
m which a stream of air was blown contmuously round the 
side arm to aid circulation When the shrinkage temperature 
exceeded 100° the tanned collagens were wetted by im- 
mersion m water under reduced pressure and the determm- 
ation then made m hqmd paraffin The sh rink age tempera 


Except where otherwise stated, results are expressed 
on a moisture- and ash-free basis AmmoN 
contents, etc , are expressed as mmol /g rather than 
as a percentage of total N, smce variations m the N 
content of the modified coUagens render the latter 
method of expression imsmtahle for comparative 
purposes 

Analysis 


Deamination The deammated collagens had the 
characteristic orange yellow colour associated with 
protems which have been treated with mtrous acid 
(cf Philpot & Small, 1938) Reaction of the ammo 
groups was almost complete m all the samples 
examined (Table 1 ) As with other protems (Steudel 
& Schumann, 1 929 , Wiley & Lewus, 1930 ) there was 
some loss of argmme (c 20 %) 

The amide N was higher than that of the ongmal 
collagen, and tlus additional NH3 may have come 
from — NH CN groups formed by the action of the 
mtrous acid on guamdmo groups (see p 149) The 
increase m amide N was approximately equal to the 
decrease m argmme content 

Methylation The methylated collagens varied 
from brovra to grey m colour and m two cases were 
almost black They had a smeU of methylammes 
The methoxyl content of the different collagens 
treated with methyl sulphate varied from 0 94 to 
1 67 % (as methyl), the maximum methoxyl content 
bemg attamed m 14 methylations (see oxhide 
collagen. Table 2) Variations m methoxyl content 
are probably due to slow hydrol3^is of these groujB 
durmg was hin g (see below) Methylation witi 
methyl bronude mtroduced rather fewer methoxj' 
groups Deammation of the coUagen did not affect 
the extent of methylation xvith methyl sulphate, but 
mcreased the methoxyl groups mtroduced y 
methyl bronude to the same value as that obtamed 
with methyl sulphate Tins suggests that the 
values obtamed with methyl bromide on untreafra 
collagen are due, not to mabihty to mtroduce 0 
same number of methoxyl groups as methyl sulpha c, 
but to the difficulty of keepmg the coUagen at a sui 
able pH for the reaction to proceed to completion, 
dimmution m the number of basic groups 'uc 
reduce the change m pH of the collagen which occurs 
as a result of methylation of the carboxyl groiT ’ 
and hence makes it easier to keep the collagen a 


•equired pH 

Methylated collagen fixes SO4" and Cl ^ 

iquivalent to the methoxyl groups mtroduced , 

t al ( 1941 ) found that when wool was methylated 
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Table 1 Analyses of coUnucns and deannnated collagens 
(lltHults oxprcsRcd on inoiRlnro and nfili froo bnRis o\oopt whoro othorwlRo stated ) 




Treated with UNO, 


Treated 


Uni rented 

! 

A ^ 

Untreated 

with HNO„ 


a 

DGi 

DC, 

A 

DAy 

JIoiHture (%) air dry 

102 

0 3* 

100 

18 1 

141 

Ash (%) air dry 

0 23 

1 78 

0 23 

0 14 

0 58 

Total N (%) 

17 2 

10 0 

— 

17 3 

17 3 

Amide N (mmol /g ) 

0 20 

0 38 

0.30 

0 30 

0 38 

Amino N (mmol /g ) 

0 30 

0 05 

— 

— 

0 04 

LyRinot (mmol /g ) 

0 30 

— 

Nil 

0 31 

0 01 

Arginine (mmol /g ) 

0 11 

— 

0 35 

0 43 

0 37 

♦ The loM inhio is due to tho collagen 
HsmplcH nir dry 

t May include Homo liydroxylyHlno 

having been dried in a 

desiccator over 

anhydrous CaCI 

2 for some days 


Table 2 The melhylahon of collagen and deannnated collagen with methyl sidphatc and nnth methyl bromide 



OCII, grouiia introduced 
(ns CHa) 

A 

Anions 

(m equiv /g ooUagen) 

A 


Sample 

(%) (»>mol /g ) ' 

Chloride* 

Sulphate 

Total 


Methylated with methyl sulphate 




Ovliido collagen (free carboxyl groups, 0 87 mmol /g ) 





Jlothylatod ijlfA^i 

1 10 

0 70 

Nil 

004 

0 04 

14 tnncH \MN, 

oot 

0 03 

Nil 

0 52 

0 52 

Jlothylatcd (MN, 

1 37 

0 01 

Nil 

0 78 

0 78 

10 times 

1 22 

0 81 

Nil 

0 70 

0 70 

Methylated tMN, 

1 15 

0 77 

Nil 

0 05 

0 05 

18 times \MNe 

1 24 

0 83 

Nil 

0 75 

0 75 

Collagen A (free carboxyl groups 0 00 mmol /g ) 





MAi 

1 25 

0 83 

0 01 

— 

— 

MA, 

1 .12 

0 88 

0 73 

0 07 

0 80 

jMA, 

1 40 

0 00 

0 58 

0 40 

0 08 

JIM 4 

1 32 

0 88 

0 50 

0 34 

0 84 

Collagen 0 (free carboxyl groups, 1 01 mmol /g ) 





MO^ 

1 32 

0 88 

— 

— 

— 

MC, 

1 57 

1 05 

0 52 

0 52 

1 04 

MO, 

1 18 

0 70 

0 05 

— 

— 

MOt 

1 04 

0 00 

— 

— 

— 

A after troatniont with niiroiiH aoid 





MDAi 

1 32 

0 88 

0 42 

0 05 

0 47 

Collagen 0 

Methylated with methyl bromide 




Motbylntod 14 days MO, 

0 35 

0 23 

0 11 

, 

0 11 

Mothylnted 28 days MO, 

0 85 

0 57 

0 48 

— 

0 48 

Collagen 0 after iroaiinont Avitli nitrouB aoid 





Methylated 28 days MDO^ 

1 22 

0 82 

0 30 

— 

0 30 


* AriBos from dlBplncement of S 04 “ by CI“ during immersion of motbylntod oollngon in NnCl 


of tlin ! bromide, I- and 13r“ wore lield in o\co8 

tloii Kfoups, and attributed this to N mothyla 

uromw ^ determine the percentage of N metliy 

"hUkhI, ''"'"‘ccoRsful Under tiio conditions of Progr 
of \ nlan!I°i yield appreciable amount 
ipl'Mc la v"' variable values for th 

^lerclih! ^ 

"e'lefiV innn \ ^ * Phillips, 1047) Doterminn 

ef the unr.,. Kroups m methylated collagen gave value 
cellai-ii, HI, obtained with the onginr 

unwiHo to conclude that no N 
i"imll (xUiit It T ‘'I’l’ears that it only occurs to 

bitcil Will, ,1 ^ i^iriino N of the collagen mothj 

'■‘b niclhvl bromide (MO,) and vith methyl sulphai 
J'loplicin 1010, 44 


(MOA was 0 24 and 0 31 mmol /g , rospectivoly, compared 
with a value of 0 30 mmol /g for the original collagen The 
ammo N of collagen MA^ methylated with methyl sulphate 
was 0 30 mmol /g 

Stability Motho-vyl groups were only slowly split 
by hydrolysis wlion the methylated collagens were 
immersed in buffer solutions between pH 2 and 8, 
but outside this lango the stability decreased 
rapidly with rise or fall m pH (see Fig 1 ) A smnlar 
stability cinvo for methylated wool constructed 
from tho data of Blackbiun cl al (1941) is given for 
comparison Soalung in wmter at pH 6 0 for 20 days 

10 
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reduced the methoxyl content from 1 38 to 1 12 % 
(as methyl) 



Fig 1 Stability of OGH3 groups introduced into collagen, 
deammated collagen and wool in pH range 0 5-13 0 
Percentage CH3 after soaking m universal buffer solution 
for 2 6 days O — O, collagen estenfied with methyl 
sulphate, □ — □, collagen estenfied with methyl bromide, 
@ — ©, collagen deammated and estenfied with methyl 
sulphate, ® — @, coUagen deammated and estenfied with 
methyl bromide, • — •, wool estenfied inth methyl 
sulphate (from Blaekburn et al 1941) 


Table 3 Soluble mtrogcn hhcrated from methylated 
collagen after 3 days' exposure to alLaUne solutions 


Sample 

pH of 
solution 

Soluble N 
(mg /g ) 

OCH3 groups 
removed 
(g CHs/lOOg 
ooUagen) 

0 

10 10 

Untreated 

24 


G 

12 08 

30 

— 

G 

12 27 

34 

— 

G 

12 32 

3 7 

— 

G 

12 69 

48 

— 

G 

13 00 

6 6 

— 

A 

12 08 

32 

— 

After methylation with dimethyl sulphate 

AfO, 

7 12 

26 

0 28 

MG^ 

742 

49 

0 29 

MG^ 

8 60 

49 

0 33 

MG^ 

8 79 

10 4 

0 69 

MG^ 

10 73 

16 9 

0 98 

MG^ 

11 80 

21 6 

1 01 

ma^ 

12 09 

49 

— 

MA^ 

12 12 

63 

— 

MA^ 

12 10 

83 

— 

MDA 

12 16 

5 7 

— 

After methylation with methyl bromide 

MO, 

8 76 

1 1 

0 32 

MO, 

9 28 

1 1 

0 27 

MO, 

10 20 

1 1 

0 33 

mg. 

11 61 

1 6 

0 20 

mg. 

12 01 

1 6 

0 34 

MO, 

12 24 

2 1 

0 33 


At high pH values loss of methoxyl groups from 
coUagen methylated with methyl sulphate is ac 
compamed by the production of an appreciable 
amount of mtrogen m the solution (see Table 3) 


1949 

Collagen methylated with methyl bromide, on the 
other hand, gave less soluble mtrogen than the 
untreated collagen The solutions smelt of methyl 
amines and gave a positive test for dunethylamme 
(Dowden, 1938) This smeU was also noted by 
Blackburn et al (1941) durmg the methylation of 
wool 

It was considered possible that the N m solution was 
related to the methylation of one of the basic groups of the 
collagen and specific degradation of this group on treat 
ment m alkalme solution The argmme content of the 
collagen as detennmed by Vickery’s method, however, was 
unchanged by methylation and treatment with alkah, sug 
gestmg that the soluble N was not denved from guamdmo 
groups (There is some evidence, however, that some 
methylation of guamdmo groups does take place Lindley 
<L PluUips (1947) found no decrease m the argimne content 
of methylated wool as determmed by Vickery’s method, but 
tests on the flavamate precipitate mdicated that some 
change had occurred ) The solution gave only a slight 
positive reaction for protem, and the results as a whole 
suggest that the soluble mtrogen is denved from general 
hydrolysis of the collagen to polypeptides and ammo acids 

Titration curves 

Deammated coUagen The titration cmve of de 
ahunated collagen (DGf) is given m Fig 2 Deami 
nation has caused a shift m the isoelectric pomt from 
6 6 to 4 6, a decrease m the acid-bmding capacity, an 
mcrease m the base bmding capacity unmediatelj 
on the alkahne side of the isoelectno pomt, and a 
shght mcrease m the total base bound at pH 12 6 
The decrease m acid bmdmg can be attributed mainly 
to loss of ammo groups, but consideration of the free 
ammo N of the origmal collagen (0 38 mmol /g ) 
shows that at least 0 07 mmol /g of some other basic 
group has also been affected The mcrease m base 
bmdmg from the isoelectric pomt to pH 7 0 cor 
responds to the decrease m acid-bmdmg capacity, 
andmay be attributed to titration of carboxyl groups 
which have reverted to the uncharged form on the 
removal of the basic groups The mcrease m base 
bmdmg capacity at pH 12 6 mdicates that about 
0 18 mmol /g of some group or groups not titratmg 
m the ongmal collagen is now bmdmg base between 
pH 7 and 12 6 

Methylated collagen The titration curves ot 
collagens MG^ and MG^ (methylated with dimethyl 
sulphate) and MG^ (methylated with methyl bro 
nude) are shown m Fig 2 In agreement with the 
hypothesis that methylation mvolves esterification 
of ionized carboxyl groups which are the bydrog^ 
lon-fixmg groups m the origmal protem, whilst 1 10 
basic groups remam charged, the acid-bm S 
capacities of the methylated coUagen are decreased 
by an amount approximately correspondmg 0 
their methoxyl contents The decrease m acid 
bmdmg capacity, however, is shghtly less than ic 
methoxyl content of the collagen, possibh owing 0 



147 


Yol 44 DEAMINATION AND ESTERIEIOATION OE COLLAGEN 


loss of methyl groups by hydrolysis durmg contact 
with the solution Also, smce the isoeleotnc pomt of 
the methylated collagen is about one pH unit luglier 
than that of the original collagen, some of the imida- 
zole groups of histidme which were previously 
charged, and, therefore, titrated with alkah, will 
have lost their cliarge and now contribute to the 
acid bmdmg capacity 



2 Titiatioa curves of collagen and modified collagens 
A — A* untreated, -i — deaminated, O — O, esteri- 
fied with methyl sulphate, CHj content 104%, • — », 
estenfied with methyl sulphate, CH, content 1 04%, 
corrected for hydrolysis of OCH, groups, ® — ®, esten 
fied with methyl sulphate, CH, content 1 67 %, Q— □, 
estenfied with methyl bromide, CH, content 0 35%, 
■ ■, estenfied mth methyl bromide, corrected for 
OCHj hydrolysis, @ — 0, deamumted and estenfied 
with methyl sulphate, CHj content 1 29 % 

The alkalme section of the curve is mom difficult 
to interpret for .except over a comparatively small pH 
'I'ange, hydrolysis of methoxyl groups takes pleice with 
the consumption of alkah The methoxyl content of 
the collagens, after contact with the solution, was 
determined and a correction apphed for the alkah 
consumed, this is only approximate, but the cor- 
seted results suggest that appreciably less alkah is 
omd by the methylated than by the origmal 
CO lagon In the case of collagen methylated with 
methyl bromide, the titration curve shows that less 
u kah 18 bound even before the correction is apphed 

SiocUing curves 

J^eammated collagen The uptake of water by the 
deammated coUagen (see Pig 3) differs from that of 
1 C original collagen in a manner broadly corre- 
spondmg to the differences m the titration curves 
ig 2), but at all pH values the water uptake is 
ra lor greater than would be expected from con- 
61 oration of the changes m the reactn e groups This 


suggests that deammationhaa decreasedthe cohesion 
of the collagen so allowing it to take up more water 
Methylated collagen In the pH range of stabihty 
of the methoxyl groups, i e 2-9, the water uptake of 
methylated collagen is constant, and, when the 
collagen is fully methylated, is approximately the 
same as the maximum water uptake of the untreated 
collagen at pH 2 0 (see Fig 3) Thishighwateruptake 
over such a wide pH range may be asenbed to the 
presence of amons m electrovalent association with 
the basic groups, and consequent settmg up of a 
Dorman membrane eqmhbnum and a swelhng 
pressure (Donnan, 1911, 1924, Bolam, 1932) In 
this respect, methylated collagen corresponds to 
collagen at the pomt of maximum combination with 
acid 



Final pH 

Fig 3 The uptake of water by untreated A — A> deami- 
nated - 1 - — + , and methylated collagen O — O, at pH 
values from 0 6 to 13 6 

Combination of untreated and modified collagens vnih 
tannic acid, mimosa tannine, chromium and ' 
formaldehyde 

Tannins The conditions of treatment were the ‘ 
same for all the modified collagens, and it is reason- 
able, therefore, to assume that any differences m the 
amount of tannm bound are primarily due to 
modification of the collagen 
Modification of the ammo and carboxyl groups of 
the collagen affects the combmation of both taomc 
acid (hydrclj-viable tannm) and rnunosa (condensed 
tarmm) with collagen m a sumlar manner (Figs, 4~6) 
Deammation decreased the amount of taraun bound 
at pH values below 4 0, but had bttle effect at higher 
pH values, and esterification of the carboxyl groups 
caused maximum combmation of tannm to take 
place at much higher pH values, and to remam 
constant at this maximum over a wide pH range , this 
was especially marked with mimosa tannm (Fig 6) 
TJio addition of 0 5 jr-N’aCi decreased the amount 
of tanmc acid bound by untreated and deammated 

10 2 
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Fig 4 Combination of tannic acid with collagen and 
modified ooUagen m the absence of added NaCl 

untreated, H h, deaminated, O — O, estenfied with 

methyl sulphate, □ — □ , estenfied with methyl bromide, 
@ — @, deammated and estenfied with methyl sulphate 



Final pH 

Fjg 6 Combmation of tannic acid with collagen and modi 
fied collagen m the presence of 0 oai-NaCl — A» un- 
treated, -I h, deaminated, O — O, estenfied with 

methyl sulphate, estenfied with methyl bromide 
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Rnal pH 


Fig 6 Combmation of mimosa tannins with collagen and 
modified collagen m the absence of added NaCl A — A > 

untreated, p, deammated, O — O, estenfied with 

methyl sulphate, Q — 0 , estenfied with methyl bromide 



Rnal oH 

Fig 7 Combmation of chromium with collagen and modi 

fied coUagen A — A> untreated, -I F, deaminated, 

O — O, estenfied with methyl sulphate, @ — ©i dc 
ammated and estenfied with methyl sulphate 



Final pH 

Fig 8 Combmation of formaldehyde with collagen and 
modified collagen A— A. untreated, +— + . 
nated, O — O, estenfied with methyl sulphate 
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collagen, and by collagen methylated with methyl 
bromide, especially at low pH values The tannic 
acid hound by the collagen methylated with methyl 
sulphate was only shghtly decreased at pH values 
below 5 0, and at higher pH values was appreciably 
mcreased by the presence of NaCl 

The slirinkage temperatures of the collagen and 
modified collagen were mcreased from about 60 to 
between 66 tod 84° by combmation with tanmc aoid 
or mimosa tannin, maximum values m general being 
obtamed when the pH of the t ann i n solution was 
between 3 0 and 4 0 The mcrease m slirmkage 
temperature was rather greater with mimosa tannm 
than with tanmc acid, possibly because of the lower 
acidity of mimosa tannm (Hobbs, 1940) The de- 
ammated and methylated collagens tended to have 
lower shrinkage temperatures than the origmal 
collagen treated under the sa m e conditions, and 
variations of shrinkage temperature with the pH of 
the tannm solutions were less 

Ohromium Tlie chromium bound by the origmal 
coUagen mcreased sharply with mcrease m pH of the 
cliromium sulphate solution up to 4 0, and then 
remamed constant over the pH range studied 
(Fig 7) Heammation decreased the combmation 
of cliromium over the whole pH range and reduced 
the maximum amounts combmed by approximately 
half Methylation decreased combmation to a much 
greater extent Chrotmum hydroxide was precipi- 
tated on the surface of the methylated coUagens at 
the lugher pH values and was difficult to remove, 
this, coupled with the possibility that some groups 
are displaced by chromium durmg the treatment, 
makes it not unreasonable to assume that m the 
absence of carboxyl groups no chromium would be 
boimd by collagen Deammation of the methylated 
collagen caused only a further small decrease m 
the cliromium bound Although the amount of 
chroimum bound by the deammated collagen was 
less than that bound by the ongmal coUagen, the 
maximum slirmkage temperature obtamed was the 
same Treatment with chromium sulphate caused 
no change m the shrinkage temperature of methy- 
lated colagen 

ronnaldchydc At pH values below 2 0, negbgible 
amoimts of formaldehyde were bound by both the 
untreated and modified collagens from pH 2 to 8 
the amount bound mcreased, remamed constant 
between pH 8 and 9, and then mcreased agam at 
higher pH \ clues (see Fig 8) Deammation greatly 
reducetl combmation between pH 2 and 9 The 
ainoimt of formaldehj de bound bj-- the untreated 
collagen up to pH 9 0, and the decrease m combma- 
ttoii followmg deammation, correspond to consider- 
abh less than the combmation of one formaldehyde 
molecule hi each ammo group , similarly, the amoimt 
bound from pH 9 0 to 13 0, the upper limit of pH 
co\ ored, onU corresponds to the combmation of one 


molecule of formaldehyde by each of half the total 
number of guamdmo groups 

With untreated and methylated collagen the 
combmation of as little as 0 4 g formaldehyde/100 g 
raised the shrmkage temperature to its maximum 
value (78-80°), whereas the combmation of 0 8 g 
formaldehyde/100 g left the shrmkage temparature 
of the deammated collagen unchanged 


DISCUSSION 

DeamimUion Under the experimental conditions 
employed, treatment with mtrous acid removed 
almost all the ammo groups from coUagen and 
decreased the argmme content by about 20 % The 
course of the reaction with the a mm o groups is weU 
known, but httle attention appears to have been 
given to the reaction with the guamdmo groups 
Bancroft & Belden (1931) and Bancroft & Ridgway 
(1931) have shown that guamdme reacts with mtrous 
acid to give cyanamide and ammoma, and it is 
possible that a similar reaction takes place inth the 
guamdmo groups m proteins, namely, 

— CHj NH 0 +HONO^— CHa NH CN+NHa 

In agreement with this hypothesis, Kanagy & Harris 
(1936) have shown that ammoma is formed when 
argmme is treated with mtrous acid, this ammoma 
will react with mtrous acid to give the excess mtrogen 
observed m the Van Slyke determmation of ammo N 
(Phmmer, 1924, Hunter, 1929, Kanagy & Hams, 
1936, Lieben & Loo, 1942, Van Slyke, HUler & 
DiUon, 1942) This hypothesis would also explam 
the lugher amide N of the deammated coUagen com- 
pared with the origmal coUagen since, under the 
conditions of the determmation, the — ^NH CN 
group would probably yield ammoma This mcrease 
m amide N is of the same order as the decrease m 
the argmme content of the coUagen 

The reaction postulated above is also consistent 
with those changes m the titration curve which 
cannot be attributed to loss of ammo N Loss of the 
strongly basic guamdmo groups accounts for the 
decrease m acid-bmdmg capacity, carboxyl groups 
eqmvalent to the guamdmo groups lost wiU revert 
from the zwitterion state ( — 000“) to the un- 
charged state, and wiU titrate between the isoelectric 
pomt and pH 7 0, and the — NH CN groups, bemg 
feebly acidic, wiU titrate between pH 7 and 12, thus 
accountmg for the mcreased base-bmdmg capacities 
m these ranges Smce guamdmo groups do not 
titrate with base up to pH 12 6 (Bowes & Kenten, 
1948a), the total base-bmdmg capacity should be 
mcreased by an amoimt equal to twice the — NH CN 
groups formed, i e base bound by the additional 
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un-iomzed carboxyl groups plus that bound by 
— ClSr groups On this basis, and assummg that 
0 06 mmol /g ammo groups remam (see Table 1), 
the curve mdicates that about 0 10 mmol /g 
guamdmo groups are converted to cyamde groups 
(Decrease m acid bmdmg m excess of that due to 
ammo groups, 0 12 mmol /g , base bound between 
7 and 12, 0 10 mmol /g , and total mcrease m base- 
bmdmg capacity, 0 20 mmol /g ) This figure is m 
good agreement with decrease m argmme content 
found by analysis, 0 09 mmol /g 

Eatenfication Like the carboxyl groups of ammo- 
acids, those of wool, silk, gelatm, and collagen can 
be estenfied with methyl sulphate and methyl 
bromide (Blackburn et al 1941, Blackburn & 
Plifihps, 1944) 

The evidence obtamed m the present mvestigation 
confirms tins view with respect to collagen Tlie 
reaction would appear to necessitate the presence of 
basic groups eqmvalent to carboxyl groups, it was 
found, however, that deammation did not decrease 
the extent of methylation Blackburn & Philhps 
(1944) considered that the lysme content of wool is 
so low that its removal does not materially affect the 
number of basic groups This explanation is not 
apphcable to collagen smce ammo groups form about 
one third of the total basic groups, and a more likely 
explanation is that as lomzed carboxyl groups are 
estenfied, further carboxyl groups lomze under the 
influence of the guamdmo groups, so that eventually 
aU. carboxyl groups are estenfied 

Consideration of the values for the free carboxyl 
groups m the untreated collagens, as mdicated by 
analysis and by then titration curves (Bowes & 
Kenten, 1948 6), shows that aU the methoxyl groups 
mtroduced can be accounted for on the basis of 
esterification of carboxyl groups In three experi- 
ments, the number of methoxyl groups was shghtly 
m excess of the number of free carboxyl groups but 
this excess was withm the experimental error 
Blackburn et al (1941) and Blackburn & Philhps 
(1944) found that the methoxyl groups mtroduced 
by methyl sulphate exceeded the number of free 
carboxyl groups behoved to be present m wool, silk, 
gelatm, and collagen, and suggested that methy- 
lation also occurred at certam ‘activated’ peptide 
Irnks It IS now known (Bowes & Kenten, 1948o) 
that the values taken for the number of carboxyl 
groups m gelatm and collagen were low, and the 
present work shows that with collagen there is no 
necessity to postulate any form of 0 -methylation 
other than that of carboxyl groups It is possible 
that future determin ations of the dicarhoxyhc acids 
m wool and sdk will obviate the necessity of assummg 
that these protems undergo peptide methylation 

Tlie low ammo mtrogen values of the methylated 
collagens suggest that some -methylation has 
occurred, especially with methyl bromide The lower 
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base-bmdmg capacity of the methylated eoUagens 
as compared with that of untreated collagen may also 
be due to J'/'-methylation, for although the mtro 
duction of a methyl group will not ehmmate the basic 
characteristics of the ammo group, it will, by analogy 
with the methyl amm es, mcrease the pK of these 
groups and hence cause a shift m the titration curve 
to higher pB[ values It is possible that the titration 
curves of the methylated collagen would show the 
same maximum base bmdmg capacity as the ongmal 
collagen if earned to higher pH values It is also 
possible that the reduction m base bmdmg capacity 
of the collagen methylated with methyl sulphate is 
related to the presence of mtrogen m the solutions 
after contact with the collagen, if this mtrogen were 
present as a base (for instance, as methylanune) it 
would titrate and so reduce the apparent fixation of 
base by the collagen 

Combination of collagen and modified collagens with 
tannins, chromium and formaldehyde Although 
tarmic acid, m contrast to the tannins of mimosa, 
contains acidic groups (Sunthankar & Jatker, 1938, 
Abichandam & Jatker, 1938, Cheshire, Brown L 
Holmes, 1941) which noight be expected to form salts 
with the basic groups of the collagen, the mode of 
siombmation with coUagen appears to be the same 
with both matenals The results as a whole are con 
sistent with the supposition that combination of 
tannm is related to the positive charge earned by the 
protem With the untreated collagen, combmation 
IS greatest between pH 1 6 and 2 0 when the collagen 
carries its maxim um net positive charge, decreases 
as the pH mcreases and the net positive charge 
decreases, and eventually is reduced to neghgible 
proportions at pH 8 0-9 0 when the basic groups 
begm to lose them positive charge and the protem 
carries a net negative charge Deammation winch 
decreases the positive charge on the collagen, 
decreases combmation of tannm, and esterification, 
wluch causes the coUagen to carry its maxiinuin 
positive charge over the whole pH stability range 0 
the methoxyl groups, causes combmation of tannm 
also to be at a maximum over this range Experi 
ments mdicate that the molecular weight of tannic 
acid and mimosa tannm is 1700 (Brmtzmger 
Brmtzmger, 1931, Humphreys & Douglas, 1937), 
and the eqmvalent weight of tanme acid is of >c 
same order (Cheshire et al 1941) Usmg th^ 
figures, an mterestmg comparison can he made 
between the amounts of ta n n m bound and the nci 
bmdmg capacity of the collagens (see Table 4) Iho 
molecular amounts of t a n n m combmed with tlie 
untreated and deammated collagens between p 

1 6 and 2 0 are ofthe same order ns their acid-bmding 

capacities, deammation halves the acid-bm mg 
capacity and also halves the amount of tnnmc nci 
and mimosa tannm bound This suggests that on 
molecule of t annm is associated with each asic 
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group Although the aruounts of tanruii bound are 
dependent on the concentration of tannin in the 
solution, the tune of treatment and method of 
■washmg, it would seem reasonable to assume that 
there is some significance m these stoicheiometno 
relationships 

Table 4 Acid and tannin bound by collagen 
and deaminated collagen 

(Results m mmol /g ) 


Tannm bound between 
pH 1 6 and 2 0 



Acid 


— 


bmding 

Tannie 

Mimosa 

Collagen 

capacity 

acid 

tannin 

Untreated 
collagen A 

0 88 

1 0 

0 80 

Deammated 
collagen DA^ 

044 

0 60-0 55 

0 41 


The present results emphasize the essential part 
played by the carboxyl groups m the bmdmg of 
chronuum, and strengthen the current view that 
the fixation of metals mvolves complex formation 
with the carboxyl groups of the protem m a manner 
analogous to the complex formation which occurs 
with the carboxyl groups of orgamc acids (for review 
of hterature see Bowes, 1948) The ammo groups also 
appear to be mvolved smce deammation decreased 
the amounts bound by the untreated collagen, 
though not by the methylated collagen These 
findings are consistent with the hypothesis that 
combmation of chromium mvolves co ordmation of 
both carboxyl and ammo (or other basic groups) 
uith the same chromium complex A similar hypo- 
thesis has been put forward to account for the fixa- 
tion of calcium by proteins (Greenberg, 1944), and 
for the lugh thermal stabihty of cluome -tanned 
leather (Kuntzel & Biess, 1936) 

Although the vahdity of stoicheiometric relation 
ships between the amounts of chrormum bound and 
the reactive groups of the collagen may, m view of 
the complexity of the system, be open to question, it 
IS of interest to note that the amount of cliromium 
bound betu een pH 4 and 6 approximately corre- 
sponds to the fixation of two cliromium atoms by 
each carboxjd group, and the decrease m combma- 
tion caused bj treatment with nitrous acid corre- 
sponds approximately to fa o cliromium atoms for 
each basic group lost It is probable that the 
chromium aggregates m the taimmg solutions used 
contmnetl, on the aierage, two chronuum atoms 
(Bowes, 1948) 

The e\ idence suggests that, m collagen, the armno 
and guamdmo groups are the mam centres mvoh ed 
lu the binding of fomialdehjde, and there is no 
o\ idenco that the amide groups are concerned under 


the conditions employed The importance of the 
ammo groups raising the shrinkage temperature 
(Gustavson, 1943) is confirmed Free armno groups 
also play an essential part m the hardemng of casern 
with formaldehyde (Nitschmann & Hadom, 1944, 
Nitschmonn & Lauener, 1946), and it is probable 
that a similar mechanism is mvolved, namely, the 
formation of cross links between adjacent polypep- 
tide chains Nitschmann & Hadom (1944) and 
Nitsclimann & Lauener (1946) discuss the various 
wa 5 ^ m which such cross hnks may be formed and 
consider that a cross link between e-NH^ groups and 

NH — groups of the peptide link is the most 

probable (For further discussion on this pomt see 
Fraenkel-Conrat, Cooper & Olcott, 1946, French & 
EdsaU, 1946, Bowes, 1948 ) 

SUMMARY 

1 CoUagen has been deammated with mtrous 
acid and estenfied with methyl sulphate and methyl 
bromide, and the effect of these treatments on the 
reactivity of collagen towards acids, bases, tannins, 
chromium and formaldehyde has beeh determined 
Modification of the guamdmo groups by treatment 
with hypochlorite (Sakaguchi (1926) reaction) was 
only partially successful, only 40-60% of the 
argimne was destroyed -and there was extensive 
general breakdown of the collagen 

2 Treatment with mtrous acid removed almost 
all the ammo groups &om collagen and decreased 
the argimne content by approximately 20 % Evi- 
dence deduced from analysis and titration curves 
suggests that the guamdmo groups ore converted 
mto cyanamide groups 

3 All the O -methyl groups mtroduced mto col- 
lagen by methyl sulphate and methyl bronude can 
be accounted for on the basis of esterification of 
carboxyl groups There is an mdication that some 
N methylation occurs, especially with methyl 
bromide 

4 From a study of the combmation of tannins, 
clirormum and formaldehyde with untreated, de- 
ammated and methylated collagen, it is suggested 
that combmation of tannins is related to the positive 
charge carried by the collagen, combmation of 
cliromium mvolves co ordination of both ammo and 
carboxyl groups of the collagen with the same 
cliroroium complex, and combmation with formal- 
dehyde occurs mainly with the ammo and guamdmo 
groups Increase m thermal stabihty results only 
from combmation of formaldehyde with ammo 
groups 

Thanks are due to Pr E F Gale for supplying the lysine 
decarboxylase and to the Council of the British Leather 
Manufacturers’ Research Association for permission to 
publish this paper 
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These investigations originated in studying the basis 
of a method for microbiological assay of mcotinic 
acid (McBwam & Stanley, 1948) The method was 
that m which acid produced from glucose by Lacto- 
bamllvs arabinosus 17—6 is titrated with alkah after 
a period of mcubation of about 3 days The assay 
depends on the empirical observation that the 
quantity of titratable acid produced durmg mcuba- 
tion IS dependent on the quantity of added mcotmic 
acid Itwa3foAmd{McIlwam, 1948)thatthi8relation- 
slup existed because of changes which took place m 
nicotimc acid durmg the assay , the compound was 
first assimilated to, and later lost from, the cells Its 
loss was found to be conditioned by its functionmg 
as a catalyst, and was such that mcotmic acid 
exlubited a defined catalytic capacity, measured by 
the ratio titratable acid formed/mootuuc acid lost 
(mmol /mol ) Values ofthe catalytic capacity (about 
6 X 10^) were relativelj’’ mdependent of the mtensity 
with which mcotmic acid derivatives were func- 
tionmg as catalysts, which was expressed as a 
catalytic activity (m mol titratable acid/hr /mol 
mcotmicacid, values ranged from 6 to 16 x 10^ hr “') 
Such observations suggested the need for more 
detailed mvestigations of the form m which mcotmic 
acid derivatives existed m the bacterial cells We 
' have now exammed the mcotmic acid of cells of Lb 
arabinosus, and found it to bo largely m the form of 
co7junase Lb arabinosus, in marked distmction 
from a number of other organisms, reacted only 
slowly with added cozymase , tins, and our mterest 
m the practical problems presented by nncrobio 
logical assaj , directed oiu attention to metabohc 
changes occurring m the cozjnnase of the bacterial 
cells, and these are described below 

EXPERDJENTAL 

Iho asKi\s for nicotimc acid, the preparation of growth 
mctlin and of materials for assaj , and the handhng of non 
proliferating suspensions of Lb arabinosus were earned out 
ax described b\ 'Mcllwain (1948) Determination of V-factor 
and of cozj masc, and the extraction of these substances 
from bactena were made bj the methods used b\ McHwain 
A Hughes (1948) 


RESULTS 

Assimilation of nicotimc acid by 
Lactobacillus arabmosus 

1 Cell content Cells of Lb arabinosus from 
cultures whose growth has not been hmited by 
mcotmic acid may, nevertheless, contam varymg 
quantities of this substance Tins is ^own m Table 1 
Nicotmic acid becomes a hmitmg factor m growth of 
the organism at concentrations of about 2 x 10~’ M 
and the range used m assay is below 1 6 x 10“’ m 
T he values of Table 1 illustrate also the previous 
findin gs (McHwam, 1948) that the mcotmic acid 
content of the cells of a given culture falls with tune 
To approach saturation of the cells with the acid at 
26 hr m the relatively early part of a culture’s 
growth, a concentration of c 6 x 10“’ M-nicotuuc 
acid is seen to be required The ceUs will thus be 
unsaturated m this sense durmg most of their period 
of mcubation m all the concentrations used m assay 
Under the conditions most favourable for assimi- 
lation, about 80 % of the mcotimc acid added to a 
culture has been recovered from the cells after 26 hr 
growth As the cells mactivate mcotmic acid durmg 
this period, this result gives a minimum estimate 
only of the completeness with which they can assimi- 
late the acid The actual concentration of mcotmic 
acid derivatives m the cells after assimilation can be 
calculated from the data of Table 1 to be about 
2 to 10 X 10“^ SI In makmg this calculation the wet 
weight of the cells was taken as five times their dry 
weight , this has been found to be a tjipical ratio The 
values recorded m Table 1 for the yield of bacterial 
cells from unit volume of culture show that the assay 
medium, though carefully chosen for maximum 
response to limited mcotmic acid, does not give high 
juelds of bacteria 

2 Nature of the assimilated nicotinic acid Most of 
the mcotmic acid of the cells existed as derivatives, 
especially m cells contammg hmitmg quantities of 
the substance Table 2 A shows that some 90 % of 
the acid, detemuned m cells grown from a concen- 
tration of the acid within assay range, exists as 
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Nicohmc acid content of cells o/ Lactobacillus arabinosus after growth of varying types 


1949 


Nicotmic acid 

Period of 

Yield of ceUa 

of groirth medium 

incubation 

(mg dry wt / 

(M X 10"^) 

(hr) 

100 ml culture) 

12 

30 

70 

24 

26 

10 4 

49 

26 

96 

49 

42 

10 7 

49 

48 

12 0 

12 2 

26 

98 


Nicotimo aoid content of cells 
! ' 


(mpmol /cells 

(m/imol /mg 

In fresh cells* 

of 100 ml medium) 

dry wt ) 

(u X 10-*) 

62 

0 88 

1 8 

13 9 

1 33 

2 7 

37 

4 04 

81 

33 

3 06 

71 

28 

2 34 

47 

53 

64 

10 8 


* Calculated, assuming a water eontent of 80 % 

acid'STmXq^rtJ^^mSS Monwam & Stanley, 1948) with nicotinm 


Table 2 Nicotwic acid denvatives m cells of Lactobacillus arabinosus, 
and in material liberated from cells to solution 


Nicotmio acid in 

Period of 
mcubation 

Yield of cells , 

Content (m/xmol /cells of 100 ml oidtupe) 


growth medium 
(mgmol /lOO ml ) 

m groivth 
(hr ) 

(mg dry wt / 

100 ml culture) Later treatment 

Nicotmio 

acid 

V factor 

Cozymase 

12 2 

30 

A Material m cells 

13 0 Washed 

69 


66 

12 2 

30 

13 0 Washed, and m salme 

2 7 



24 

46 

28 

mixture* at 37°, 6 days 
10 9 Washed 

19 

14 


122 

48 

12 8 Washed 

43 

27 

~ 

45 

B 

28 

Material liberated on exposure of cells m salt nuxturef 

10 9 Cells washed and 6 1 

42 


112 

48 

12 8 exposed! 

16 4 

84 

— 


* The morganic salts of the medium of Barton Wnght (1946) at pH 6 8 and m the concentrations of the final assay 
medium 

t In the inoi^anic salts (organisms from 100 ml of culture m SO ml salt solution) for 72 hr at 37“, aerobically 


cozymase The amount determmabJe as V -factor 
(probably equivalent to mcotmamide nbosides for 
discussion see McHwam, 1947) was also high 

3 Relative stability of cozymase added to Lb ara- 
bmosus Mcllwain & Hughes (1948) found that many 
bacterial species rapidly mactivate added cozymase , 
even at low concentrations of cozymase (c 10~'’ M) 
loss may occur at the rate of 10 mpjxfol /tag dry 
wt /hr , and with higher concentrations may rise to 
over 600 m/xmol /mg /hr Such a coefficient means 
that the organism is maotivatmg its own weight of 
cozymase mahout 3 hr Lb arabinosus was, however, 
relatively mert towards cozyonase Under the condi- 
tions of its use m assay, 1 e with cells of between 
1 and 3 days growth, and at pH values between 5 and 
7, any reaction with 10“® or 10“^ M-cozymase was of 
< Inapmol /mg dry wt of ceUs/br In attempts to 
observe a more rapid reaction, e'qperiments were also 
earned out at pH 4 6 and 7 6, m the presence and 
absence of phosphates and of glucose, and with some 
suspensions imtially rich and others imtiaUy poor m 
mcotuuc acid denvatives Agam, any reaction was 
of < IrQfimol /mg /lir It was evident that Lb ara- 
binosus did not mactivate cozyrmase at the rapid 
rate obsem ed m se\ eral otlier bacteria Neverthe- 


less, slow mactivation has been observed (Table 1), 
and found to be related to the assay (McHwain, 1948), 
this process has, therefore, been studied further 

Change in nicotinic acid in suspensions of 
Lactobacillus arabinosus 
An attempt was made to reproduce the changes of 
Table 1 under conditions better defined than those of 
a growing culture Table 3 shows that the cellular 
nicotimo acid of Lh arabinosus can also be very 
stable Cells were exammed which had. been grown 
m media relatively rich and relatively poor m mco 
tunc acid, the latter conditions (12 mpmol mcotuiio 
acid/100 ml ) are withm the range used m a^ay 
all cases the cells could be meubated at 37° m sn 
mixtures at pH 6 5—7 for 6 days without any loss m 
the total mcotmic acid of the suspension A sma 
mcrease, of some 10% of the initial value, ""as 
frequently found 

These experiments showed that the loss in 
mcotmic acid observed durmg the assay was no 
brought about by the bacteria when they 
meubated in the presence of the majority o 
constituents of the assay medium The componen s 
omitted fi om the suspendmg fluids during 
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expermients quoted were glucose, the casern hy^o- 
lysate providuig ammo -acids to the medium, and m 
one case sodium acetate Other results m Table 3 
showed sodium acetate to have only a smaU effect 
m the change m mcotmic acid, but addition of 
glucose caused a major change In each case 
esammed, addition of glucose led to a decrease m 
niootmic acid content 


The course of changes %n mcottmc acid derivatives 
m susjyensions of Lactobacillus arabmosus 

1 In absence of glucose Although the total 
mcotmic acid of cell suspensions changed little 
under these conditions, marked changes occurred in 
its distribution Fig 1 shows this m the case of 
a suspension of cells which were mitially rich m the 


Table 3 Changes m the mcotmic acid derivatives of suspensions of cells of Lactobacillus arabmosus 


Batch of organisms , 
conditions of growth 

1 26 hr , 122 m/imol 

mcotmic acid/100 ml 

2 30 hr , 12 mfunoL mcotmic 

acid/ 100 ml 

3 26 hr , 24 mfunol mcotmic 

acid/100 mL 


Imtial content of 
mcotimo aoid 
(mfimol /mg dry wt ) 

54 
0 88 
0 72 


Change m mcotmic acid 
during 6 days* 

Conditions of reaction (m/unol /mg dry ) 

Salts of medium, t pH 0 8 +0 70 

As above, with glucose (0 1 M) - 1 80 

Salts of medium, pH 6 6 +0 10 

As above, with glucose (0 1 m) - 0 26 

Inorgamc salts of medium,;! pH 7 + 0 08 

As above, witb glucose (0 1 m) - 0 14 


♦ The change quoted is m the whole reaction mixture, the kmetics of the change and the partition of mcotimo acid 
between cells and solution are discnssed later 

t Nad, Na acetate, and morgamo salts A and B of Barton Wnght (1946), at the concentrations used in assay 
j As m footnote L but lackmg Na acetate 




Figs 1 and 2 Change m distribution of mcotmic acid m suspensions of cells oiLb arabmosus, grown with 122 m/xmol of 
the ncid/100 ml Cells were harvested after 26 hr growth, and washed with, and suspended in, the morgamc salts 
of the growth medium without glucose (Fig 1) and with 01 m glucose (Fig 2) 


Although the effect of glucose was marked, 
the absolute magnitude of tlie change which it 
caused was small It led to loss of about 30% of 
the colls’ mcotmic acid m 6 days, but this mvolved 
an nverngo rate of loss o\er that period of only 
2-7 fiftinol /mg dr\ wi; of cells/hr The change 
in a batch of cells grown from 12 m^maol mcotmic 
acid TOO ml , and thus wuthm the assay range, was 
about -2 5 ,i,imol /mg /lir , and tlius much slower 
than that estimated as occurrmg durmg assay This 
led us to im estigato the course of the change, the 
distribution of mcotmic acid between cells and 
solution, and the effect of additional substances on 
tbo changes 


acid The quantity m the cells fell throughout the 
expenment, but at a decreasing rate, and the acid 
which was lost from the cells appeared m the solu- 
tion Hesults similar to those of Fig 1 have been 
obtamed also with cells wluch were mitially poorer m 
mcotmic acid (contammg 30 or 16 m/onol /1 00 ml , 
the latter value hemg the upper lilmt of the assay 
range) , but m such cases the proportion of mcotmic 
acid leaxnng the cells was smaller than with those 
mitially rich m the acid 

Tlie mcotmic acid-contammg matenal hberated 
from the cells consisted at least m part of derivatives 
of the acid The solutions yielded were too dilute to 
give significant values for cozjTnase m the apozy- 
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mase system, but their V-factor activity could be 
determmed The values obtamed (Table 2B) showed 
two thirds or one half of the hberated material 
to possess such activity and presumably to be 
at least of the complexity of a fiboside of nicotin- 
amide 

2 In presence of glucose Glucose led not only to 
the decrease m total nicotmic acid noted in the 
previous section, but m many cases it also caused 
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(1 22 mpmol /lO ml ) within the assay range and 
were reaped at 30 hr when their rate of acid for 
mation was high Theu mitial rate m the salts of the 
assay medium, with glucose, was > 10 /unol /lO ml / 
lir , and tins fell to about 1 fimol /lO ml /hr on the 
sixth day The rate fell rapidly durmg the first 2 or 
3 days and then more slowly Clianges m the rate 
have, therefore, been exammed m relation to-changes 
m cellular nicotmic acid 


Table 4 Effect of glucose on dtstribuhon of nicotmic acid in suspensions of Lactobacillus arabmosus 

Nicotmic acid (m^imol /lOml of suspension) 



r" 

A 


Percentage of 




After 6 days 

mootmio aeid 

Conditions of growth and reaction 

Initially 

'cells 

. .. A 

\ 

Solution 

present m cells 
after 6 days 

As 1, Table 3, no glucose 

49 

0 81 

48 

14 

As 1, Table 3, with glucose 

49 

244 

09 

73 

As 2, Table 3, no glucose 

3 06 

1 00 

2 26 

32 

As 2, Table 3 , with glucose 

3 06 

1 38 

1 0 

68 

As 3, Table 3, no glucose 

0 88 

0 49 

045 

62 

As 3, Table 3, with glucose _ 

0 88 

0 29 

0 26 

63 


a marked change m the distribution of nicotimc acid 
derivatives between cell and solution Fig 2 shows 
that, with organisms rich m mcotmic acid, glucose 
caused mcotimc acid wluch otherwise would have 
passed mto solution to be retamed in the cells The 
quantity m solution mcreased only transitorily, and 
then fell m a fashion roughly parallel to that of the 
cells This behaviour was less marked m organisms 
which mitiaUy contamed less mcotimc acid, and 
with cells grown from 12 mpmol of the acid/100 ml 
no considerable change m distribution of the acid was 
brought about by glucose (Table 4), but the fall in 
total quantity remamed marked 

Acid formation from glucose by suspensions 
of Lactobacillus arabmosus 

1 Fall vnth time The changes m cellular mcotimc 
acid are relevant to the assay because this depends 
on acid formation by the cells, and this agam depends 
on the presence of mcotmic acid derivatives It has 
already been shown (Mcllwam, 1948) that freshly 
harvested cells of Lb arabmosus are capable of fer- 
mentmg glucose at rates almost equal to the most 
rapid reached durmg growth m nutritionaUy rich 
media Organisms from mcotimc acid-deficient 
cultures were found to produce acid at a lower rate 
than those with excess of the acid, and the deficiency 
could be made good by addition of mcotmic acid or 
cozymase In these experiments acid formation was 
followed for only an hour or two after harvestmg 

The course of acid formation from suspensions of 
Lb arabmosus was now followed over periods com- 
parable to those of the assay Fig 3 shows that 
obser\ ed m an experiment lastmg 6 days Organisms 
had been grown from a quantity of mcotmic acid 


2 Catalytic activity of mcotimc acid in cell sus 
pensions Relevant results are presented m Table 6 
Here the rate of acid formation m the suspensions is 
expressed as a multiple of the quantity of mcotmic 
acid m the cells These values (catalytic activities m 
mol titratable acid/mol mcotimc acid/hr ) are seen 
to be relativ ely constant but to fall during the course 
of exposure of the cells The cells are thus changmg 



Fig 3 Course of formation of titratable acid m suspensions 
of H arabmosus, grown in the same way as the o^ani^s 
of Figs 1 and 2 but for 30 hr , and suspended m tne 
medium described for Fig 2 

durmg exposure so that mcotmic acid becomes pro 
gressively less effective as a catalyst It is a 
mitially much less effective as a catalyst durmg e 
present experiments than m assay , the cats j 
activities of Table 5 are only about one tenth 
those found (McRwam, 1948) at comparable pn 
values durmg assay 
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The higher catalytic activity during assay did not 
appear to be due to cell proliferation, as the earher 
expennaents included ones of short duration with 
harvested and resuspended cells The difference was 
found to be due to the organic constituents of the 
suspending fluid Reconstituting the assay medium 
by adding to the suspending flmd of Table 6 casern 
hydrolysate, ammomum salts, and a mixture of 
vitamm-like substances restored the catal 3 rtic 
activity to 14,000 mol /mol /lir at pH 6, or 8000 at 
pH 6 2 In this effect the vitamm-hlce substances 
played httle part (Table 6) 


their cells The assimilated material has been found 
to be present largely as cozymase, which is much 
more stable when added to suspensions of Lb 
arabtnosus than it is m suspensions of many other 
organisms Loss of cozymase from buffered sus- 
pensions of Lb arabinosus was extremely slow, both 
with respect to cozymase which was added as such, 
and also to that winch was synthesized by the cells 
themselves ftom mcotimc acid Cellular cozymase 
became markedly leas stable m glycolyzmg organisms 
although here also the rate of its loss was by most 
standards very low, bemg about 10 (ifimol /mg dry 


Table 6 Oatalytic activity and catalytic capacity of nicotinic acid in acid formation 
by suspen^tonc (^Lactobacillus arabmosus 

(Cells were groira with 1 2/iniol nicotinic aoid/10 ml , reaped after 30 hr incubation, washed twice osoptically with, and, 
suspended in, the morganio salts and buffers of the assay medium together with glucose but exdnding the ammonium salts 


Initial pH of medium 6 6 , concentration of cells 2 95 mg /lO ml ) 

Nicotinic acid Rate of formation 

content of ceUs of titratable acid 

Catalirtic activity 

Catalytic capacity 
(mol titratable acid 
fonned/mol 

Age of suspension 


(mpmol /lO ml 

(pmoL/lO ml 

(mol titratable smdj 

mcotimc acid lost) 

(days) 

pH 

suspension) 

suspension/hr ) 

mol rucotimo aoid/hr ) 

( X 10*) 

1 

57 

244 

91 

3700 

3 6 

2 

64 

2 04 

46 

2300 

2 1 

3 

63 

170 

2 62 

1600 

2 3 

4 

6 26 

148 

204 

1400 

O 

20 

2 1 

6 

62 

128 

1 62 

1200 

6 

62 

1 14 

1 08 

1000 


A parallel espenment was earned out with similarly grown orgamsms m a suspendmg fluid of the same initial pH but 
with m addition the aneunn, nboflavm, pyndoxm, pantothenate, p aminobenzoio acid and biotm of the assay medium 
Cntal 3 ftio activities of 2000-1200 were observed, and catalytic capacitiee of 2 6-3 6 y 10* (mean, 2 6 x 10*) 


3 Catalytic capacity of nicotinic acid in cell ctis- 
penmans In Table 6 are given also the ratios 
between the mol titrable acid formed and the mol 
nicotuuc acid lost These values (the oatalytic 
capacities of mcotuuc acid) were relatively steady 
durmg the expemnents and ware not for removed 
from the values observed m assay Thus, different 
sufipensionB gave 2 6-3 6 and 2 0-3 6 x 10*, and m 
assay the capacity was about 6 x 10* It has been 
observed above that m the present experiments, as 
111 assay, loss of nicotuuc acid was associated with 
the presence of glucose The values now quoted show 
that the quantitative relations between the meta- 
bolism of glucose and of mcotuuc acid are also 
smiilnr during the assay m non-proliferatmg sus- 
pensions, altbougb the absolute rates of metabolism 
of each fell m the suspensions to only a fraction of 
t heir 1 aluo m assay 


DISCUSSION ' 

The present studies liai e given further information 
on the beba^^our of nicotuuc acid m LactobactUus 
arabmosus, and this behanour may now be assessed 
m rolntion to tlio use of the organism m assay The 
orgnnisins, m growth, assimilated mcotuuc acid 
from \ cr\ dilute solutions and concentrated it m 


wt /lir It was, therefore, very mterestmg to observe 
that this rate bore a relation to the rate of glycolysis 
similar to that previously observed m more active 
cells during assay In both cases the oatalytic capa- 
city of meotmic acid, or the ratio between the rates 
of change m titratable acid in mcotmio acid, was 
between 2 and 6x10* The possible significance of 
this has been discussed previously (McHwam, 1948) 
These values give another instance of relative 
stabflity m the catalytic capacity of mcotmio acid 
durmg marked changes m its catalytic activity 
(i e the rate of reaction which umt quantity of it 
catalyzes, m this case glycolysis, expressed m 
pmol /hr /pmol mcotimc acid) The catalytic activity 
was markedly affected by the suspendmg flmd This 
is understandable, as glycolysis involves many 
reactions, and the slowmg of any one of these durmg 
the 6 days of an experunent could be reflected m the 
overall rate of reaction The relative constancy of 
the ^talytic capacity imphes that, when glycolysis 
has fallen m rate, loss of mcotimc acid has also been 
correspondmgly slower 




me^ods for mcotimc acid give further mdication 
of the relative constancy of the catalytic capacity c 

rnsri ^1 previously (McHwait 

1948), the full catalytic capacity of mcotmic acid i 
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not used during an ordinary assay In the instance 
investigated, normal assay practice, which allows 
reaction to contmue until acid formation becomes 
slow, employs about half the full catalytic capacity 
of the added nicotmic acid The standard dosage/ 
response curve of assay, when expressed m mol 
titratable acid/mol mcotmic acid, thus gives apartial 
catalytic capacity of mcotmic acid Valuesofthistype 
have been collected m Table 6 Tins shows partial 
catalytic capacities from our own observations 
with Lh arabinmus to range from 2 6 to 4 8 x 10®, 
those of other observers with this organism, from 
1 7 to 2 6, and with Leuconostoc mesenteroidcs, from 
4 9 to 6 8x10® Fundamental importance is not 
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0 7-6 m/imol /mg dry wt of cells, according to 
conditions of growth 

2 Tlie assimilated substancd existed m the cells 
largely as cozymase Cozymase arabinostis,ov 
added to suspensions of tins organism, was much 
more stable than m the presence of many other 
bacteria 

3 A slow reaction (of 2-20 ^jamol /mg /hr ), 
laadmg to mactivation of cozymase and of its 
mcotmic acid moiety did, however, occur m Lb 
arabinosus durmg glycolysis Glycolysis altered also 
the distribution of mcotmic acid between saline 
solutions and the cells of the organism, leadmg to 
greater retention of the acid m the cells 


Table 6 Partial catalytic capacities of mcotmic acid during assays 


Conditions of assay 

A 

Orgamsm 


Source of data 

12 assays m conjunction 
with present paper, and 
that of Mcllwam (1948) 
Barton Wnght (1940) 
Snell L Wright (1941) 
Roberts & Snell (1946) 

Kxohl, Strong & Elvebjem 
(1943) 

Johnson (1945) 


Laclobacilhis arabinosus 


11 >* 

11 It 

11 »» 

Leuconostoc mesenteroidcs 

11 It 


Temp of incubation 
37 

30 or 37 
30 
37 

30 

30 


Partial catalytic 
capacity x 10®* 

2 0-4 8, moan, 3 4, 
standard deviation, 0 06 

20 
22 
1 7 

49 
6 76 


* Molar ratio titratable acid formed/niootmio acid added, during the approximately hnear portion of the dosage/response 
curve Different media of growth were employed by the different mvestigators, titratable acid was m aU oases detemunea 
after 3 days’ growth 


attributed to the partial catalytic capacities which 
are expressed immediately by these values, but the 
latter are considered to mdicate that the catalytic 
capacities themselves are also hitely to be of the same 
order of magmtude under the various conditions 
chosen by the different observers whose results have 
been given m Table 6 Tins mcreases the significance 
of the catalytic capacity 

SUMMARY 

1 Lactobacillus arabinosus 17-6, winch is used m 
a microbiological assay of nicotimc acid, assimdated 
tins acid from 10-® or 10“’ m solutions durmg 
growth Its cell content of the substance was tlien 


4 Rates of glycolysis and of loss m nicotimc acid 
varied m parallel m suspensions of ih arabinosus, ns 
they had previously been found to do m assay Tlie 
ratio between the two rates (the catalytic capacity of 
mcotmic acid) had approximately the same value, of 
3-6 X 10®, m the two cases 

6 On the other hand, the activity of mcotmic 
acid as a catalyst was much lower m non prohferatmg 
suspensions m simple media, than m assay Cata 
lytio activity and partial catalytic capacity have 
been used os measures of the behaviour of t le 
organism during assays of the present type 

Wo are greatly mdebted to jMies E EUis for assistnnco 
during these mvestigations 
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Distribution of Glutamine and Glutamic Acid in Animal Tissues 

By H A IsJlEDS, L V EGGLESTON and U HEMS 
Med, cal Bccardc Caancl Vn„ Jar Rccarch m Cell MCahoh„„, Dr,,ort»,c,,r o/ Jhachcm.clr,,. 
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{Received 29 June 1948) 


It IS generally accepted that glutamine and glutamic 
acid, apart from se^^•mg as structural unite m 
protems and peptides, play a special role m the 
metabolism of anunals, plants and micro organisms 
A few specific functions have already come to light 
(see the reviews of Archibald, 1945, 1947), hut it is 
probably correct to saj’’ that the chief fimctions are 
still unknown It was thought that a survey of the 
occurrence of glutamme and glutamic acid m bio- 
logical material might assist m elucidating the part 
played by the two substances m metabolism, and 
the two substances were, therefore, deteirnmed in 
a number of animal tissues Survmys of the distri- 
bution of glutamme have been made by premous 
workers (Ferdman, Frenkel & Silakova, 1942, 
Hamilton, 1946), but data on the glutamic acid 
content of tissues are scanty because, until recently, 
no specific and convenient methods apphcable to 
small quantities of material were available 

EXPERIMENTAL 

The procedure desonhed recently (Erebs, 1948) was used 
All tissues except blood were frozen m hquid air as soon ns 
possible, usually within 2 or 3 mm after death A delay of 
about 6 mm was unavoidable m the case of sheep bram and 
of about 20-40 mm m the case of foetal matenal A 
quantity of about 6 g , m some cases less, was weighed out 
m the frozen state, and crushed m a mortar with 2 vol of 
0 5 k hoi and washed sand Blood was collected from 
fastmg hospital patients, mixed with heparm and unmedi 
ately centrifuged The plasma (10 ml ) Was shaken xn vacuo 
after addition of 0 26 ml N HCl to remove bicarbonate and 
COj Two Warburg fiasks were used for one analysis, both 
contammg 4 ml of plasma and 0 3 mb of 3 m: acetate buffer 
pH 4 9m the mam compartment and one contammg 
0 6 ml of washed bactenal cells m the side arm 

RESULTS 

Glutamine and glutamic amd in animal tissues 
Results obtamed on various tissues, excludmg 
blood and foetal tissues, are shown m Table 1 AU 
tissues exammed contamed considerable quantities 
of glutanuc acid and m most glutamme was also 
present The sum of glutamic acid and glutamme 
m different samples of the same tissue varied less 
from anunal to ammal than the concentrations of 
the two components Li most tissues the concen 


Iration of glutamic acid - 1 - gliiiamiiio was much 
greater (c 10 times) than the concentrations m the 
blood plasma, oxcoptions being adipose tissue, the 
crystallino Ions and vitreous humour, all tissues 
whoso motabohe nctnities arc in general low 
Tlie highest concentrations were found in brain, 
mammalian heart and spleen (average concentra- 
tions between 10 and 16xl0-« mol /g or 140- 
220 mg /lOO g) Relatively low values (nverago 
below 5 X 10-« mol /g or 73 mg /lOO g ) wore found 
in ovary, thyroid, hmg and the tissues alrcadj 
giv'on as havmg concentrations of the same order 
as blood plasma Intermediate values (nverago 
between 6 and 10 X 10“®mol /g or 73-140 mg /lOOg ) 
were found m the other tissues tested 

The proportion of glutamic acid to glutamine 
show ed consistent chfferoncos from tissue to tissue 
Tlie mammalian heart w'as the only material in 
which glutamme regularly constituted the major 
part In all other tissues exammed including av lan 
heart, glutamic acid usually prodommated, though 
m varying degrees In the spleen the ratio glutanuc 
acid/glutaimne was 0-10, m brain about 2, in most 
other tissues variable 

In foetal tissues (Table 2) the sum of glutamic 
acid and glutamme was generallj'' lower than in the 
adult tissues, an exception being the lung The ratio 
glutamic acid/glutamme was higher m most foetal 
tissues than m the adult tissue, especially m the 
heart Among the foetal tissues thymus showed the 
lughest concentration of glutamic acid 

Human blood plasma Fifty -four specmiens from 
fastmg hospital patients were exammed (Table 3) 
In aU normal cases the average content of glutamic 
acid was 3 47 mg /lOff ml and of glutamme 
6 78 mg /lOO ml No major deviations were found 
m the forty-tliree pathological specmiens In the 
group ‘mfectioua diseases’, the glutanuc acid values 
seemed to be higher, and the glutamme values 
lower than m the other groups, but m view of the 
small number of cases no defimte conclusions can be 
drawn As m other materials, the concentration of 
glutanuc acid -b glutamme showed much less varia- 
tion than did the concentrations of the two compo 
nents separately The average sum of all cases was 
8 74 mg /lOO ml , of which 42 6 % was glutamic acid 
and 67 4 % glutamme The data are m general 



160 


H A KREBS, L V EGGLESTON AND R HEMS 


Table 1 


Olutamtc acid, gltUatmne and ammonia in animal tissues 


Tissue 


Liver 


Spleen 


Kidney cortex 


Kidney medulla 


Bram, grey matter 


Bram, 17101© matter 


Bram, whole 


Lung 


Heart 


Pancreas 


Skeletal muscle 


Smooth muscle, gizzard 


Animal 

{ 

Glutamic 

acid 

Sheep 

546 

Sheep 

6 63 

Sheep 

6 47 

Cat 

2 86 

Pigeon 

6 46 

Pigeon 

6 63 

Pigeon 

6 76 

Sheep 

10 60 

Sheep 

9 69 

Sheep 

10 96 

Cat 

9 66 

Sheep 

7 90 

Sheep 

4 86 

Sheep 

6 96 

Cat 

9 41 

Sheep 

7 00 

Sheep 

4 23 

Sheep 

7 08 

Cat 

6 30 

Sheep 

111 

Sheep 

9 93 

Sheep 

7 01 

Sheep 

6 30 

Cat 

9 93 

Pigeon 

6 16 

Pigeon 

13 96 

Pigeon 

8 26 

Pigeon 

10 28 

Sheep 

2 38 

Sheep 

3 67 

Sheep 

4 16 

Cat 

6 17 

Pigeon 

1 67 

Pigeon 

3 19 

Sheep 

2 99 

Sheep 

2 09 

Sheep 

1 34 

Cat 

6 17 

Pigeon 

3 13 

Pigeon 

7 80 

Pigeon 

6 34 

Sheep 

4 87 

Sheep 

3 01 

Sheep 

6 66 

Pigeon 

6 63 

Pigeon 

9 66 

Sheep 

6 58 

Sheep 

6 73 

Cat 

0 74 

Pigeon 

0 

Pigeon 

8 16 

Pigeon 

3 30 

Pigeon 

10 52 

Pigeon 

6 69 

Pigeon 

2 72 

Sheep 

4 28 

Sheep 

7 82 


Amounts of substance found (10“®-mol /g ) 




Glutamme 

Glutamic acid 
+ glutamme 

2 27 

7 72 

0 

6 63 

2 66 

813 

3 66 

6 62 

0 

6 46 

6 93 

1146 

6 36 

. 11 10 

147 

12 07 

1 66 

11 16 

101 

11 96 

138 

10 93 

121 

9 11 

0 

4 86 

0 87 

6 82 

1 12 

10 63 

1 79 

8 79 

2 08 

6 31 

0 

7 08 

3 70 

900 

419 

16 29 

3 36 

13 29 

3 36 

10 37 

3 28 

8 68 

6 27 

16 20 

6 99 

1316 

4 62 

18 47 

6 76 

14 00 

6 60 

16 88 

1 64 

3 92 

0 

2 67 

0 73 

4 88 

1 85 

7 02 

2 14 

3 81 

0 80 

3 99 

14 0 

16 99 

11 2 

13 29 

926 

10 69 

9 89 

16 06 

6 41 

864 

2 06 

9 86 

3 64 

9 98 

1 94 

6 81 

0 

3 01 

2 41 

8 07 

7 64 

13 07 

3 14 

12 70 

2 41 

7 99 

7 08 

13 81 

6 66 

6 29 

3 28 

3 28 

1 03 

9 18 

2 48 

6 78 

3 66 

14 08 

1 78 

8 47 

3 90 

6 62 

4 48 

8 76 

2 14 

9 96 


Amm onia 

2 68 
2 08 
121 
4 08 
2 68 
260 
616 

3 39 
316 
318 

3 39 

216 

424 

417 

4 66 

196 
1 16 
4 69 
419 

2 71 
4 39 

166 
2 88 

2 06 
0 93 
6 71 
2 88 
6 06 

2 08 

3 74 

0 94 

6 37 

4 08 
4 77 

1 79 
1 87 

1 74 
8 37 

4 96 

2 08 
6 26 

2 05 
314 

3 39 

7 83 
7 20 

2 60 
2 08 
0 37 
7 70 

5 08 

6 81 

2 72 
2 61 

4 91 

2 48 

3 92 


Testis 
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Table 


I 

Glutanuo 


Tissue 

Animal 

acid 

Ovary 

Sheep 

1 32 

Sheep 

4 21 

Suprarenal gland 

Sheep 

3 66 

(mainly cortex) 

Cow 

4 36 

Thyroid gland 

Sheep 

0 80 

Cow 

2 28 


Cow 

4 28 

Lymph gland 

Sheep 

6 09 

Cow 

9 18 


Cow 

6 60 

Gastric mucosa 

Sheep 

2 70 

Duodenal mucosa 

Sheep 

644 


Cat 

6 03 

Vitreous humour ^ 

Sheep 

0 87 

Lena 

Sheep 

1 07 

Tat, peritoneal 

Sheep 

0 62 


ifiont ) 

Amounts of substance found (10“® mol /g ) 

* 

Glutamic acid 


Glutamme 

+ glutamme 

Ammonia 

1 63 

2 96 

1 36 

0 68 

4 79 ' 

1 94 

1 62 

6 07 

4 91 

0 74 

6 09 

1 96 

0 47 

1 27 

3 62 

0 

2 28 

1 61 

0 

4 28 

2 08 

2 28 

8 37 

4 36 

2 27 

11 46 

3 01 

1 66 

8 26 

040 

0 94 

3 64 

3 18 

1 21 

6 66 

642 

3 60 

8 63 

6 34 

0 

0 87 

1 36 

0 68 

1 66 

0 67 

0 46 

1 07 

1 23 


Table 2 Olutamtc acid, gltUamine and ammonia in Joetal tissues and placenta 




Approx age 



of foetus 

Tissue 

Animal 

(weeks) 

Liver 

Calf 

10 


Calf 

30 


Sheep 

6-7 

Bram (whole) 

Calf 

10 


Calf 

30 

Bram 

Sheep 

6-7 

Kidney 

Calf 

10 


Calf 

30 

Heart 

Calf 

10 


Calf 

30 


Sheep 

6-7 

Lung 

Calf 

10 

Thymus 

Calf 

10 


Calf 

30 

Placenta 

Calf 

10 


Calf 

30 


Sheep 

6-7 


Cat 

Almost full 



term 

Spleen 

Calf 

30 

Bone marrow, femur 

Calf 

30 
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Amounts of substance found (10“* moL/g ) 


r 


Glutamic 

acid 

Glutamme 

3 78 

103 

2 74 

3 90 

3 68 

1 87 

4 76 

1 06 

8 16 

'2 61 

2 34 

2 28 

6 66 

0 

4 82 

0 62 

7 86 

2 49 

4 02 

6 36 

0 49 

0 

7 28 

0 89 

9 86 

0 94 

11 30 

0 89 

7 30 

1 92 

6 76 

2 03 

246 

2 05 

254 

6 17 

6 96 

0 60 

2 01 

1 74 


Glutanuo acid 
+ glutamme 

Ammor 

4 81 

179 

664 

147 

6 66 

442 

6 81 

1 66 

10 77 

2 07 

4 62 

1 87 

6 66 

147 

644 

2 03 

10 34 

1 16 

10 38 

264 

0 49 

6 90 

8 17 

0 94 

10 79 

634 

12 19 

2 81 

9 22 

1 63 

8 79 

1 94 

4 60 

4 86 

7 71 

1 87 

7 66 

2 62 

3 76 

2 94 


11 
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agreement with the glutamme determmationa m 
blood plasma published by Harris (1943), Archibald 
(1944) and Prescott & Waelsch (1947), though the 
present average values are a httle lower The average 
values for glutanuc acid , m contrast, are somewhat 
higher than those reported by Prescott & Waelsch 

. DISCUSSION 

Qlutarmc acid and glutarmne ^n ammal tissues The 
hterature does not contam many data wluch are 
comparable with those presented m tlus paper 
Ferdman et al (1942) exammed the readily hydro- 
lyzable ‘anude mtrogen’ m various tissues of the 
dog, oat, rabbit, pigeon and horse , the fresh tissue 
was frozen m hqmd air, extracted with trichloro- 
acetic acid and the mcrease of ammonia formed on 
hydrolysis (5-10 mm , 100° , 6 % sulphuric acid) was 
determmed Hamilton (1945) heated the picnc acid 
extract of dog tissues to 100° at pH 6 6 for 90 mm , 
and estimated the decrease m ‘ carboxyl nitrogen ’ 
by the mnhydrm method of Van Slyke, Dillon, 
MacFadyen & Hamilton (1941) The figures obtamed 
by Ferdman et al (1942) and Hamilton (1946) are of 
the same order as those reported m the present paper 

Table 3 Glutamine and glutamic acid in 
human blood plasma 

(The results are expressed, m accordance with the practice 
of previous authors, as mg /lOO ml plasma Glutamme is 
expressed as glutamic acid ) 

Plasma (mg /lOO ml ) 

_ A ■ _ ^ 


f 



Range 

Mean 

S D 


Normal (11 cases) 
Glutanuc acid 
Glutarmne 

13-59 
2 7-78 

3 41 

6 78 

139 
1 66 

Total 

7 6-10 1 

9 19* 

0 84 

Diseases of the ouculatory system 
Glutanuc acid 17-63 

Glutamme 3 6-80 

(13 cases) 

3 74 

6 60 

1 13 
1 18 

Total 

6 2-10 6 

9 34 

1 17 

Mahgnant tumours (6 cases) 

Glutanuc acid 14-46 

Glutamme 2 6-76 

2 94 

6 02 

1 12 
2 08 

Total 

7 2-98 

7 96 

107 

Infectious diseases (12 cases) 
Glutanuc acid 2 4—66 

Glutamme 2 0-68 

417 

4 06 

1 42 

1 68 

Total 

6 3-10 2 

8 22 

1 27 

Miscellaneous (13 oases) 
Glutamic acid 
Glutamine 

0* - 7 2 
20-92 

3 96 

4 64 

2 14 

2 27 

Total 

6 6-11 4 

8 60 

2 11 


* No glutamme was present in one case of thyrotoxicosis 
(basal metabobo rate +29%) 


Hamilton (1946) has already pomted out that m 
cardiac muscle of the dog glutamme coutnbutes 
60-60 % of the free total ‘carboxyl mtrogen’ of the 
tissue A comparison of the present data with 
estimations of the total ammo nitrogen m animal 
tissues (Van Slyke, 1913, Hamilton, 1946) mdicates 
that m most tissues the sum of glutamic acid and 
glutamme represents 26-60 % of the total ammo 
mtrogen 

Van Slyke (1913) was the first to note that tissues 
contam 6-10 tunes more ammo mtrogen than blood 
plasma Hamilton found a similar proportion for 
glutamme The present data show that this is ajso 
true for glutamic acid 

The question may be raised whether the glutamic 
acid found m tissue suspension has, wholly or m 
part, arisen from glutamme after death, as a result 
of the action of glutammase The ammoma values 
given m Tables 1 and 2 are m most tissues much 
lower than the glutamic acid values This apphes 
especially to the tissues which are known to contam 
a glutammase (hver, kidney, bram) Most of the 
glutanuc acid found m these tissues must, therefore, 
have been preformed 

Ammonia in animal tissues Many data are avail 
able on the ammoma content of blood and of other 
body hqmds, but of the tissues only cardiac and 
striated muscle have been thoroughly studied, 
mainly by the schools of Pamas and Embden As 
Pamas (1928) has pomted out, it is uncertam 
whether ammonia foimd m animal tissues, even m 
material treated with hqmd air, is preformed or 
arises after death This has to be borne m mmd in 
the mterpretation of results 


SUMMARY 

\ 

1 The decarboxylase method (Gale, 1946, Krebs, 
1 948) has been used to determme separately glutamic 
acid and glutamme m twenty -four different animal 
tissues (mcludmg foetal material), and m fifty four 
specimens of human blood plasma 

2 The sum of the concentrations of glutamic acid 
and glutamme was lughest m bram cortex, heart, 
spleen and thymus (average 10-16 x 10~® mol ^ ) 
Average values below 6 x 10-«mol /g were found m 
ovary, thyroid and lung, and below 1 x 10"® mol /g 
m most other tissues 

3 In the mammahan heart and m blood plasma 
glutamme was present m greater quantities than 
glutamic acid In other tissues glutamic acid pre 
dommated as a rule 


The authors are indebted to Dr A Jordan, jMt H 
Sykes and other staff of the Sheffield Royal Infirmniy 
Hospital for supplying the blood samples 
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A Method for Determining the Sedimentation Constant of Material 
of Low Molecular Weight: Studies on Oxidation Products of Insulin 

By H GUTFREUND, Department of Colloid Science, Umverstty of Cambridge 
AND A G OGSTON, Department of Biochemistry, University of Oxford 

{Received 28 May 1948) 


In a recent paper one of us (Gutfreund, 1948) has 
shown that ins ulin molecules probably consist of sub- 
umts of molecular weight 12,000, these umts poly- 
merize to molecules of weight 48,000 m neutral 
solutions of moderate msulm concentration (0 6- 
1 %) The mean molecular weight is, however, 
dependent upon pH, temperature and concentration 
From the determmation of termmal ammo groups of 
msulm, Sanger (1946) suggested that these sub- 
molecules, of molecular weight 1 2,000, are made up of 
four peptide chains bound together by disulphide 
linkages Two of these chains have termmal glycyl 
residues and two have termmal phenylalanyl 
residues Sanger (1947) has shown that the di- 
sulpliide hnkages can be spht by oxidation with 
performic acid, without affectmg any other part of 
the msuhn molecule Some pre limin ary studies on 
the peptides resultmg from this oxidation of insulin 
have been reported by Sanger (1947) 

It was the purpose of the work described m this 
paper to develop methods for the determmation of 
sedimentation constants {S^f) less than 1 x 10“^® and 
to study fractions from oxidized msuhn both by 
ultracentnfugal sedimentation and b 5 ' diffusion 
Sanger (1947) suggested that the peptides obtamed 
on oxidation of msulm should ha\e a molecular 
weight of about 3000 Tins value is between the 
ranges of molecular weights wlucli have been studied 
hi methods smtable for macromolecules (osmotic 
pressure, sedimentation and diffusion, etc ) on the 


one hand, and those used for simpler compounds 
(freezmg-pomt depression and similar procedures) 
on the other hand It was necessary to modify the 
procedure of computmg sedimentation constants to 
make it useful for the purpose of stud 5 rmg these 
polypeptides 

EXPERIMENTAL 

Ultracentrifiigal exammationB were earned out m a Sved 
berg oil turbme ultracentnfuge, and the Philpot (1938) op 
tical system was used for the observation of the boundanes 
The speed of the centnfuge wm about 1010 r p sec Diffu 
Sion constants were detemuned by the method of Coulson, 
Cox, Ogston & Philpot (1948) 

Dr F Sanger kmdly prepared for us aU the oxidized m- 
suhn and fractions thereof used m this work The matenal 
was prepared and fractionated as descnbed by Sanger 
(1949) Crystallme zmo msulm (obtamed from Boots Pure 
Drug Co Ltd ) was used as starting matenak Two fractions 
{A and B) were examined Fraction A contains the peptides 
with termmal glycyl residues while fraction B contams 
those with termmal phenylalanyl residues The punty of 
each fraction, as shown by end group assay, was ’about 
95% 

It was found that oxidized msulm diffused slowly 
through coUodion or cellophan membranes on dialysis, as it 
was essential to get the solutions of oxidized msulm mto 
equihbnum with a salt solution of knowm composition, 
these were dialyzed against a large volume of m NajHPO^ 
Up to half the mtrogenous matenal was lost from the 
solutions 


11-2 
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Method of calculaUon of the sedimentation constant in 
the absence of a clear boundary of sedimentation 

Two methods are m general use for the observa- 
tion of sedimentation constants of proteins, first 
the light absorption method, givmg a direct plot of 
concentration c against distance r m the cell, and 
secondly the refractive mdev method, givmg a plot 
of concentration gradient dcjdii against x Wnch- 
ever method is used, the sedimentation constemt is 
normally calculated from the moi’-ement of the mid- 
point of the protem boundary with time This pro- 
cedure 18 accurate only if the calculations are made 
from measurements on boundaries wluch have com- 
pletely left the meniscus of the solution and have 
not reached the bottom of the cell Tlie peptides 
studied durmg this mvestigation have such small 
sedimentation and lugh diffusion constants that one 
end of the boundary is at the bottom of the cell 
by the tune the mid-pomt (or peak) has left the 
memscus, and it is, therefore, impossible to get 
successive pictures of the whole boundary (see Fig 1 ) 

Time (min ) 

20 I 


60 


100 


140 


t 

Meniscus 

Fig 1 Philpot schlieren diagrams of fraction A 20, 60, 100 
and 140 mm after frill speed had been attained Oxidized 
insulin concentration 0 74 % 

It has been suggested by Tisehus, Pedersen & 
Svedberg (1937) that, m such cases, the movement 
of the quantity of protem across an arbitrary plane 
m the cell could be used for the calculation of the 
sedimentation constant Thismethod was elaborated 
by Svedberg & Pedersen (1940), but no practical 
use appears to have been made of it so far, qnd no 
working procedure has been described, we have, 
therefore, developed the foUowmg method for the 



calculation of the sedimentation constant of verv 
slowly sednnentmg substances from photographs 
obtamed by the Philpot (1938) optical method 
Fig 2 18 a diagram of the ultracentnfuge cell, with 
a plot of the concentration and of the gradient of 
concentration A fixed plane, distant X cm from 
the centre of rotation, is chosen so that the concen 
tration m its neighbourhood vanes only with tune t 




Fig 2 A, diagram of the nltracentnfuge cell showing the 
dimensions used m the calculation, B, plots of e and 
dc/dx agamst x 


and not with the distance x from the centre of 
rotation The sedimentation constant can be 
obtamed from the rate at which material passes the 
plane X The concentration at X (and tliroughout 
the cell) IS imtially Cq, but after time t (assuming 
that the speed of rotation w and the sedimentation 
constant s do not vary) it has fallen to 

The rate at which material is passing X at time t 
IS, therefore, 


ZX = c^^sa>^X^Xd dt 
dt 

= f£co 50)2X2 

Integrating between 0 and t, the amount of 
material which has passed across X from the uppor 


region of the cell is 








This quantity can be obtamed from the 

schheren diagrams The concentration at x, t ^ 
gl^e^by 


( 3 ) 
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„ of above X af fo=a f . If*— “^Svl 


then given by 


Qt= f ^ 
J Xe 


was then multiplied by the corresponding value ot 
® (the actual distance from the centre of rotation) 
C^dc 

and each product x\ — dx was plotted agamst x 


wluch, from (1) and (3), 


Graplncal mtegration of each resultmg cmwe 
between Xg and X gave the value of Qt 


= Coe'3>«‘‘ xdx- — dx dx| 

= ./rti|co{Z*-x?)e-*'“‘V2- 

The quantity initially above X was 

Qo— f Co 'Jfrd dx = i/!d Co(X* — Xo)/2 (6) 

J X, 

Since AQt~Qo~Qt and writing for the second 
term m the bracket of (4), 


Co 


Z- (l-e-®*“**)/2 = Co {Z®-xS)/2 

-Co ( X 2 - xJ ) e -*‘“‘/2 + Q ;, 


whence (?/ = Co (1 - e-»*“‘*)/2 


This expression IS exact It can be solved, without 
further approxunation, by convertmg it mto the 
form 



2«<u* 

2 303*^ 


(60) 



against tune of sedimentation t from reaclung Ml speed, 
for fractions A and B 


By plottmg the log term against t, a straight hne of 
slope — 2sai'J2 303 should be obtamed Where 
sw*t is small, equation (6o) approximates to 

Q(=Cga^sw*t ( 66 ) 

This method of solution amounts to the assess- 
ment of the amount of material which would have 
passed the plane at Xo had the solution not been 
termmated there by the meniscus , this is measured 
by the amount of material which is absent below 
Xo compared with expectation, makmg allowance for 
the 'dilution factor’ 


Computation 

Enlarged projections ( x 4 5) of the boimdary 
photographs were traced on to graph paper, the 
base Imes n ere fitted from the corresponding photo- 
graphs of a control run done on buffer alone Values 

r f'^^dc 

of j ^ dx vere obtamed for a senes of I’-alues of 

^ m eacli tracing by coimtmg squares, and were 
com orted mto units of refractn e mcreraent by use 


Fig 3 shows the values of —log (1 — {2Qj/<V®o) 
plotted against t for the two fractions of oxidized 
msuhn The variations of w* and of the temperature 
together affect the rate of sedimentation by less 
than 1 % and their mean values have therefore been 
used, the regression coefiicient 6 and the standard 
deviation of h have been calculated in each case The 
sedimentation constant s is then given by 

a = 2 303 6/2w2 

The sedimentation constant m water at 20°, S^g 
(corr ), IS obtamed by applymg the usual corrections 
to 8, moluding that for error of readmg of the cell 
temperature (Cecil & Ogston, 1949) 


RESULTS 

The values of Rjo (corr ) and of X> 2 o (corr ) (measured 
at the same concentrations) are given m Table 1 , 
the molecular weights have been obtamed from 
these values, assummg a value of 0 76 for the partial 
specific volume 
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Table 1 Sedimentation and diffusion 
constants of oxidized insulin fractions 

a D of 



(corr ) 

5,0 (corr) Z)„ 

1 (corr ) 

Molecular 


X1013 

xlO” 

xlO’ 

wt 

Fraction A 

0 63 

0 034 

17 6 

2900 

Fraction B 

0 91 

0 054 

12 6 

7000 


DISCUSSION 

The diffusion results indicated that fraction A was 
nearly homogeneous, whereas fraction B was hetero- 
geneous The method of preparation would also 
suggest that fraction A is the more homogeneous, 
fraction B probably contammg a certam amount of 
mcompletely oxidized insuhn 

Tlie simplest assumption from Sanger’s (1946) 
data IS that the umt of msuhn is spht by oxidation 
mto four peptide chains, two of these having glycyl 
end-groups (fraction A) and the other two havmg 
phenylalanyl end groups (fraction B) The molecular 
weight estimated for the former agrees moderately 
with Sanger’s (1947) estimate of 2600 from analy- 
tical data By difference from the total weight of 
12,000, the molecular weight of fraction B should 
then be about 3100, the discrepancy between tins 
and the value estimated suggests that fraction B 
contains a considerable proportion of mcompletely 


1949 

oxidized material, which would seriously affect the 
values of both sedimentation and diffusion constants 

The mam purpose of this paper was to describe a 
general method for studymg these polypeptides m 
the ultracentnfuge , the results of the examination 
of the oxidation products of msuhn are necessanly 
only prehmmary It is possible that some fraction 
of much smaller molecular weight was lost durmg 
dialysis and the assumption of two chams with 
glycyl end groups and two with phenylalanyl end 
groups, makmg up the umt of molecular weight 
12,000, may weU be an oversimplification The m 
crease m molecular weight on oxidation (600 per 
12,000) has not been taken mto consideration m tlie 
above calculation 

SUMMARY 

1 Details are given of a method of obtammg the 
sedimentation constant of material of too small’ a 
molecular weight to form a clear sedimentmg 
boundary m the ultracentrifuge 

2 This method has been apphed to the study of 
the peptides obtamed by partial degradation of 
insuhn with perforrmc acid The diffusion constants 
of two fractions have also been measured and 
estimates made of their molecular weights 

One of us (H G ) is indebted to Prof R A Peters, 
F R S , for hospitality m his laboratory 
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Protease Inhibitors 

1 ASSAY AND NATURE OF SERUM ANTIPROTEASE 
By E S DUTHIE and L LORENZ, Lister Institute, Elstree, Herts 

(Received 9 July 1948) 


The inhibition of trypsin by normal serum has 
been studied by many workers (Landstemer, 1900, 
Fujimoto, 1918, Hussey & Northrop, 1922—3, 
Grob, 1943) The association of the trypsm inlubitor 
with the albumm fraction first noted by Landstemer 
(1900) has been confirmed by subsequent workers 
usmg salt fractionation, and Smith & Lmdsley 
(1939) have shown that on electrophoretic separa- 
tion of the serum proteins the antitryptic power lay 
mostly m the albumm fraction Several groups of 
workers (Schwartz, 1909, Bauer, 1910, Jobhng & 
Petersen, 1914) have associated antitryptic activity 
m serum with lipids or fatty acids, and Ungar (1946) 
has found that it was removed by ether extraction 
and reconstituted by readdition of the ether extract 
to the aqueous residue This association of anti- 
tryptic activity with hpids has been demed by 
many others (Meyer, 1909, Coblmer, 1910, Teale & 
Bach, 1919-20) 

Studies by Christensen & MacLeod (1946) and 
MacFarlane & Pillmg (1946) show that plasma 
trypsm (plasmm) is hkewise inhibited by a con- 
stituent of the albumm fraction of plasma which 
the latter authors term antiplasmm Beloff (1946) 
has shown that the skm protease studied by Beloff & 
Peters (1944, 1946, 1946) is also inhibited by the 
albumm fraction of serum Her work clearly 
demonstrates that the inhibitory factor agamst 
skm protease is identical with the mhibitmg factor 
for both trypsm and plasma trypsm, although she 
drew the opposite conclusion from a study of the 
literature Schmitz (1937, 1938) claims to have 
isolated from serum a second antitryptic factor 
which he regards as a polypeptide similar m pro 
perties to that isolated from pancreas by Kumtz & 
Nortlirop (1936), and which he beheves is normally 
present m combmation with plasma trypsm, thereby 
mactivatmg it The evidence brought forward by 
Schmitz IS hardly sufficient to support his claims 
Grob (1943) appears to have prepared a ‘ crystalhne ’ 
serum antitrjqism by the methods of Schmitz Many 
authors ha\e described marked plij-siological and 
pathological i anations m the antitrjqism activity of 
the sera of man and ammals and a good summary is 
gi\en b\ Grob (1943) The majority of the condi- 
tions reported shoved a marked mcrease over the 
normal le\el, but no single factor appears to be 


responsible, and the work is difficult to assess 
because of the wide variation m methods used, and 
the lack of any simple accurate techmque for 
assaymg serum anti trypsm 

The development by Swyer & Emmens (1947) 
of a satisfactory viscosimetric relationship (m the 
case of hyaluromdase) between enzyme activity and 
flow time, as measured m Osti^ald viscosimeters, 
made it possible to assay serum antitrypsm \uscosi- 
metrically usmg gelatm as substrate emd to restudy 
some of the findings of previous workers 

EXPERIMENTAL 
Materials and methods 

Oelalm solution Gelatm 10% (w/v) m 0 86% (w/v) 
NaCl (sahne) was autoclaved and stored m the cold in 
100 ml amounts After warming, 10 ml of 0 2 m phosphate 
buffer (pH 7 6) were added to every 90 ml gelatm, and the 
imxture was then brought to pH 8 0 by addition of a few 
drops of 2 n NaOH The solution was heated to nearly 100° 
and filtered through a Whatman no 1 filter paper, the pH 
was adjusted to 7 6, and sahne added so that the final re 
lative viscosity after dilution with an equal volume of 0 6 % 
(w/v) gum acacia m sahne was aljput 2 3 The gelatm was 
stored m the cold until next day when it was melted at 
37 6° and kept at that temperature durmg use Merthiolate 
was added as a preservative 

Trypsin solution Crystalhne trypsm containing approxi 
mately 60% (w/v) MgSO^ was dissolved at 0 1% (w/v) 
concentration m OOlN HCl and stored at 4° Ddutions 
were made m 0 6 % (w/v) gum acacia As a standard of 
comparison, the enzyme was assigned the arbitrary value of 
20,000 umts/mg 

Estimation of enzyme and inhibitor Equal volumes of 
enzyme and gelatm solution were mixed at 37°, and 2 ml 
of the mixture transferred to Ostwald viscoBimeters in a 
water bath at 37 6° The viscosity of the imxture was 
measured 20 mm after mixmg, and this was earned out 
more accurately by takmg readings at 16, 20 and 24 mm 
respectively and mterpolatmg when necessary Mixtures of 
inhibitor and enzyme were meubated for 10 mm at 37° 
pnor to mixmg with gelatm The viscosimeters used had a 
bulb capacity of a httle more than 1 ml , a capillary of 
0 5 mm diam and a flow tune of 61 ±3 sec 

Viscosimetrie assay of enzyme and inhibitor 

Enzyme Although several mvestigators (Hussey &, 
Northrop, 1922-3, Northrop & Kumtz, 1932-3, Smith A 
Lmdsley, 1939, Christensen, 1945) have used viscosimetnc 
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methods for the assay of proteolytic enzjnmes using gelatin 
as a substrate, it is doubtful if any of the formulae de 
veloped, which relate enz 3 Tne concentration to a rate of fall 
in viscosity, are entarely satisfactory Sivyer & Emmens 
(1947), in a study of hyaluromdase action, defined the flow- 
time mdex V as , 

If^JxlOOO, 

\J$ Jo) 
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Gelatm as used m the assays mcreased shghtly m ns 
cosity durmg the first 3 hr moubation at 37 5°, after which 
it underwent a slow Joss amounting to between 0 01 and 0 02 
umt relative viscosity/hr Neither this shght fall nor the 
day to day vanations encountered m makmg up the soln 
tions had any significant eflfect on the value of v obtamed 
provided the /, values were redeteipamed at .mtervals 


where /,=flow time of substrate and enzyme solution, 
fp =flow time of solvents alone (these bemg m the same pro 
portion as m the hydrolysis mixture), and/, =the flow time 
of the enzyme substrate mixture after incubation for a 
given time such as 20 mm They showed that » gives a 
straight Ime relationship when plotted agamst the log- 
arithm of the enzyme concentration 

Smce /, IS the viscosity due to the substrate, and 
ft '-ft represents the reduction of viscosity caused by the 
action of the enzyme on the substrate, and smce the curve 
relatmg flow time to substrate concentration is approxi 
mately hnear at the concentrations of hyaluromc acid used. 



Pig 1 Eelationship between concentration of gelatm and 
relative viscosity as determmed m an Ostwald viscosi 
meter 

their findin g evidently rests on the assumption that the 
flow time mdex v is a measure of the firaotion of the total 
substrate hydrolyzed m a given time Between relative 
viscosities 2 7 and 1 6 the curve relatmg relative viscosity 
(or flow time) to gelatm concentration is likewise approxi- 
mately hnear (Fig 1) The hne does nob pass through 
viscosity 1 0 as it would if a lower range of concentration 
were considered, but through a value, m this case 0 76, 
which depended on the batch of gelatm used and showed 
httle tendency to vary Workmg between imtial and final 
relative viscosities of 2 6 and 1 6, an approximately hnear 
relationship (Fig 2) was found when v, the Bow time mdex, 
was plotted against the logarithm of the enzyme concentra 
tion for values of v between 160 and 730 The flow-time 
mdex can, therefore, be used as a measure of the amount of 
substrate hydrolyzed withm a given range of viscosities, 
provided that these viscosities give a straight hne when 
plotted agamst gelatm concentration and irrespective of 
where the hne cuts the ordinate 



Fig 2 Relationship between flow tune mdex (r) and 
logantbm of enzyme concentration for crystalbne trypsin 
and crystalbne ohymotrypsm X — X Crystalbne trypsin, 
O — O crystalbne cbymotrypsm 

Table 1 shows that even large vanations m the imtial vis 
cosity of the gelatm fiom 2 6 to 1 96 altered v by only 40, 
there hemg a nse of about 7 4m the flow time mdex for 
each fall of 0 1 m the relative viscosity of the gelatm In 
practice it was sufficient to adjust the viscosity each day to 
the same value, and to redeternune it at mtervals on one 

Table 1 Effect of change in initial viscosity of gelatm 
on the flow time index v obtained with crystaUme 
trypsin each value an average of four to six 
determinations 

V 


^ * 

Relative Trypam Trypsm 

viBcosity (100 units) (26 units) 

2 60 663 263 

2 20 690 288 

1 96 604 304 


viscosimeter, smce the slope of the hne relatmg the log 
anthm of the enzyme concentration to the flow time index 
was identical at difierent viscosities, and for many months 
the flow-tune mdex for 100 umts of crystaUme trypsm 
constant at about 600 Shghtly different values were ob 
tamed with other samples of gelatm The slope of the hn® 
obtamed with crude trypsm was identical, but that ol 
crystalbne cbymotrypsm (Fig 2) was different 

BESULTS 

Hate of reaction of the inhibitor on enzyme The 
inhibition of crystalline trypsm by serum increases 
with the time of contact before the addition o 
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substrate (Fig 3), the mam part of the reaction 
bemg completed m the first 20 mm The 10 mm 
mcubation period used m the course of the work was 
based on prelimmary trials with crude tiypsm, 
which showed very httle mcrease m mhibition by 
serum after tins time 



Fig 3 Effect of time of contact of serum and tiypsm 
solution at 37° before mixing with gelatm on the inhibi- 
tion of enzyme 

Effect of concentration of inhibitor on degree of 
inhibition The inhibitory action of varymg con- 
centrations of serum on given concentrations of 
crude and crystaUme trypsm of equal activity is 
shown m Fig 4, where the residual activity as 



Pig 4 Effect of addition of i arj'mg amounts of serun 
floM time index of 75 umts/ml of crude and crj^sta 

tripsin (1 mg cnstalhne trypsm =20,000 units) A- 
cnstnllinc tn-psin + gxunea pig serum, A — A „ 
tr\ ptiin + horse serum ’ 


“Samst volume of seru 
n Ided Apart from the fact that some ten tun 
more sei^ was reqmred to produce a comparab 
(legree of inhibition m the case of crude trypsm tl 


curves are identical Wlien the percentage mlubition 
of enzyme activity at each serum level is calculated 
by a comparison of Figs 2 and 4, and tins is plotted 
agamst the serum volumes added, a curve is obtamed 
(Fig 5) which IS very similar to that obtamed by 



Fig 6 Effect ofmcreasmg amounts ofserum on a constant 

amount of enzyme (75 umts/ml ) expressed as per cent 
enzyme inhibition (1 mg crystaUme trypsm =20,000 
umts) 



^ r--umecnymotrypsm Kmutz has derived ar 

though the agmement was not 
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A comparison of the mlubitoiy power of various 
sera on trypsm can be made by reference to the 
curves obtamed when various amounts of serinn 
were added to a given amoimt of enzyme, such as 
crystaUme trypsm (Fig 6) A comparison of the 
volumes of each serum (measured on the curves) 
reqmred to produce the same degree of inhibition 
shows good agreement when measured at v=500 
and V = 400 (Table 2) Smce eiglit samples of normal 


1949 

Effect of fai solvents The most marked destruction 
of the mhibitor was obtamed by shakmg and mcu- 
bation with chloroform which acts as a protein de 
naturant (Table 4) Several attempts were made to 
repeat thefindmgs ofUngar (1946), who clauns that, 
whilst after ether extraction both the aqueous and 
ether fractions of normal gumea pig serum have 
slight antitryptic action, their antitryptic power on 
recombmation is equal to that of the ongmal serum 


Table 2 Comparison of inhibitory power of various sera against crystalline trypsin 

for values of v in Fig 6 


t)=600 v=4D0 

— * 


Serum 

Serum 
(ml ) 

Volumes containing 
same activity 
relative to rabbit 
serum = 100 

Serum 

(ml) 

% 

Volumes contaming 
same activity 
relative to rabbit 
serum = 100 

Babbit 

0 66 

100 0 

1 22 

100 0 

Human 

042 

63 6 

0 72 

69 0 

Horse 

0 36 

63 0 

0 60 

49 0 

Sheep 

0 20 

30 0 

040 

32 8 

Human (pregnancy) 

0 19 

28 6 

0 37 

30 0 

Human (tuberculosis) 

0 13 

19 9 

0 26 

20 6 


human serum taken on two successive days from 
four persons showed httle or no difference m inhibi- 
tory power when compared m this manner, fresh 
normal human serum was used as the basis of com- 
parisons earned out at different penods durmg the 
course of the work Similar lack of variations m 
inhibitory power withm mdividual species was 
encountered m the case of other normal animal sera 


Characteristics of the normal serum 
trypsin inhibitor 

Stability of serum trypsin inhibitor The inhibitor 
was more unstable m the acid than m the alkahne 
range and there was some species variation (Table 3) 


Table 3 Stability of serum trypsin inhibitor under 
various conditions 


(In all ©xpemnents except the last, the eeruin was first 
diluted to 10% (v/v) in sakne ) 

Loss in inhibitory 
power (%) 


Tune 

2 hr 
2 hr 
30 mm 

30 inin 

30 nun 
12 months 


Temp 


(“) 

pH 

37 

46 

37 

9 6 

60 

74 

70 

74 

80 

74 

4 

— 


Sheep 

Horse 

27 

80 

Nil 

Nil 

20 

46 

33 

70 

95 

70 

Nil 

Nil 


There was a considerable loss above 60° m both 
horse and sheep sera The loss on storage at 4° in 
both sera was very small, and there was even 
e^^denco of some mcrease 


No details are given by Ungar, but m the present 
studies neither prolonged shakmg nor reflux distil 
lation for 20 mm of both gumea pig and horse sera 
with ether removed more than a small fraction (often 
none) of the total activity, and this shght loss could 


Table 4 Stability of sheep serum inhibitor on 
exposure to fat solvents 


(10% (v/r) solvent added, shaken 10 nun and meubated 
6 far at 37°, activity measured at final serum dilution 
1/1600 (v/v) against 100 units crystaUme trypsm ) 


Trypsm alone 



V 

Loss in 
mhibitoiy 
power 
(%) 


676 

— 

: salme 
acetone 

163 

— 

290 

32 

ethanol 

m 

Nil 

ether 

157 

Nil 

chloroform 

476 

76 


not be restored by readdition of the extract Ether 
extraction at — 20° resulted m a 20 % loss which 
was not restored by readdition of the ether soluble 
fraction The inhibitor could not be extracted by 
acetone or chloroform 

Precipitation by trichloroacetic acid and dialysis 
The antitryptic factor was precipitated vuth a loss 
of about 60 % by the addition of an equal volume 
of 5% (w/v) trichloroacetic acid to sheep serum 
The supernatant flmd was witliout octmty Sera 
diluted 110 and brought to \ arious pH v alucs v ere 
pressure dialyzed through celloplian membranes, 
but the filtrates were witliout actmty 
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Salt fractionation Serum treated -with axomomura 
sulphate showed a marked loss m mlnbitory power 
unless it was first buffered with sodium glycero- 
phosphate, 7 % (w/v) Under these conditions at 
least 90 % of the total activity of sheep serum could 
be recovered (Table 6) A lower final yield was 

Table 6 Comparison of inhibitory activity of 
serum fractions against crystalline trypsin 
after salting out 


Inhihitoiy activity as % of 
ongmal serum 


r 



Total, 

Fraction 

Albumm 

Globulm 

reconstituted 

Sheep serum once 
fractionated 
with (NH^ljSOi 

66 

20 

80 

Horse serum once 
fractionated 
with NajS 04 

32 

13 

65 

obtamed on fractionation by 18 % sodium sulphate 


for 1 hr at 37° usmg horse serum The inhibitor was 
present m both albumin and globulm fractions 
although there was a marked reduction m the 
mlnbitory power of either fraction on subsequent 
precipitation Separated electrophoretically both 
fractions were itihibitory, the globulm bemg about 
twice as active on a weight basis 

A similar fractionation to that made by Beloff 
(1946) with ammomum sulphate showed that about 
two thirds of the total inhibitory activity of the 
albumm fraction lay m the more soluble part 
(Table 6), that is the fraction precipitated by full 
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Serum antitrypsin factor of Schmitz Schmitz(1937, 
1938) claimed to have separated an antitryptic 
factor from serum, which appeared to resemble a 
polypeptide, and which he beheved served as a 
bound mactivator of the plasma trypsm The anti- 
tryptio factor was obtamed m acetone extracts of 
human plasma 6ind by fractional precipitation of ox 
blood with ammomum sulphate foUowmg the ad- 
dition of 2 vol of 0 6 N sulphuric acid In the 
present study no inhibitory activity was found 
m acetone extracts of human plasma foUowmg 
Schmitz’s directions The fractional precipitation 
of 1 6 1 of ox blood gave approximately 180 mg 
of material, representmg a total mlnbitory activity 
of only some 0 02 % of the ongmal 161 Two thirds 
of the product was ammomum sulphate, and this 
cannot be removed accordmg to Schmitz smce the 
inhibitor itself is dialyzable A similar product was 
obtamed from human blood which was not de- 
stroyed by the addition of streptokmase as might 
have been expected from its supposed nature 

Variation in antitryptic level 

(o) Normal animals Although the antitrypsm 
levels of different animal species varied consider- 
ably there was httle or no variation between mdi- 
vidual members of the same species 

(6) Anaphylaxis Burdon (1942) claimed that 
there was a 100 % mcrease m the antitryptic power 
of the sera of gumea pigs sensitized with egg 
albumm which fell rapidly to normal foUowmg 
mjection of a shockmg dose None of these changes 
could be confirmed 
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Table 6 Comparison of inhibitory activity of various sheep serum protein fractions 
, following ammonium sulphate precipitation 

Albumin Albumm 



Globulin 

Total albumin 
(fraction A) 

precipitated by 
60% saturation 
with (NH 4 ),S 04 
at pH 4 2 
(fraction B) 

precipitated by 
100% saturation 
with {NH 4 ),S 04 
at pH 4 2 
(fraction Ci) 

Actmty recov ered expressed as per 

20 

65 

12 

45 

contago total activity of serum 

Concentration of fraction in serum (%) 

30 

36 

1 92 

1 17 

Actn ity 

Concentration 

6 6 

18 5 

6 

38 


saturation with ammonium sulphate at pH 4 2, and 
that on a m eight basis this was about six tunes as 
acti\ 0 as either the less soluble fraction precipi- 
tated at pH 4 2 and 60 % (a /v) saturation or the 
globulin fraction A further precipitation of the 
more soluble fraction correspondmg to Beloff’s Uj 
shoa od a loss of 50 % on a weight basis Hie figures 
gn on arc \ erj' approximate, but senm to illustrate 
the aide difference m mhihitorj- poaer of the 
different fractions 


ic; immunity Grob (1943) claimed that th 
daily mtramuscular mjection of crude trypsm u 
rabbits over 4 weeks resulted m a rise of hetaeei 
70 and 250 % m the antitrypsm titre of the animals 
and that a sumlar, though less constant, nse wa 
obtamed m 4-8 daj^ by the daily oral admimstra 
tion of the same product fri the present studie 
there was a rise of some 15% m the antitrypsn 
activity of the serum of a rabbit mjected daily sub 
cutaneously for 4 weeks with crude trypsm, bub n 
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rise ■R^as observed following oral adnurustration eis 
claimed by Grob 

{d) Altcrat/ions m disease Many observers have 
noted an altered level of serum antitrypsifi, activity 
m various pathological conditions m man and 
animals, usually associated wotb a considerable 
degree of cachexia The sera of seven persons aU 
showing marked cachexia were examined An 
mcrease of about 160 % was found m the antitryptic 
titre of the serum of three cases of tuberculosis The 
remainmg four (two tubercular and two non- 
tuberculeir) were normal 

(e) Pregnancy The sera of eight women aU m the 
tennmal stages of pregnancy showed a uniform 
mcrease m the antitrypsm level of about 100 % 


DISCUSSION 

The exact nature of the serum factor responsible 
for trypsm mhibition is stiU m doubt AJthough 
associated with all fractions obtamed by fractional 
salting out, it may yet be a smgle factor which is 
adsorbed on other protems durmg precipitation All 
attempts to separate it from alb umin either by 
solvent extraction, adsorption or dialysis, under 
various conditions, have been unsuccessful, thus 
confirming the findings of other authors Recently, 
Lmeweaver & Murray (1947) have shown that the 
trypsm-inhibitory property of egg white is due to 
ovomucoid, and it is possible that the antitryptic 
action of serum is associated with a similar small 
molecular compound such as serum mucoid or sero- 
glycoid (Hewitt, 1937) Unfortunately, the prepara- 
tion of either of these substances, if they are mdeed 
distmct (Meyer, 1938, Runmgton, 1940), is carried 
out by methods hkely to unpau antitryptic pro- 
perties, such as successive fractionation and crystal- 
lization at the isoelectric pomt (Hewitt, 1937), or by 
removal of the other protems by boihng (Runmgton, 

1 940) It wiU, therefore, be necessary to devise other 
methods for their isolation if this matter is to be 
tested 

A comparison of these studies with those of 
Beloff (1946) makes it clear that the serum inhibitor 
of skm protease and serum antitrypsm are identical 
Serum trypsm is hkewise inhibited by the same 
factor (Christensen, 1946) Beloff failed, however, to 
find any inhibitory activity agamst skm protease m 
the globulm fraction of serum, as did other authors 
who used pancreatic trypsm In the present studies 
mhibitorj'’ actmty was present m the globulm after 
two precipitations with ammommn or sodium sul- 
phate, although it was much less than the activity 
after one precipitation Globulm separated electro- 
phoreticaUy was about half as mJubitory on a weight 
basis as was albumm when measured agamst 
crj-stalhne trj-psm 


1949 

Fmally there is no evidence that the inhibitor or 
portion of the inhibitor can be extracted with ether 
as claimed by Ungar (1946), nor is there any real 
evidence that serum contains a polypeptide mlubi 
tor similar m its properties to the pancreatic trypsm 
inhibitor isolated by Kumtz & Northrop (1936), as 
18 claimed by Schmitz (1937, 1938) The treatment 
of whole blood wnth 0 6 n sulphuric acid followed 
by fractionation between 40 and 70% saturation 
with ammomum sulphate undoubtedly gives a 
product with weak inhibitory powers Tlie hypo 
thesis that this product is a specific mactivator for 
plasma trypsm, similar to Northrop ’s inhibitor for 
pancreatic trypsm, is very much open to doubt, 
smee it rests on nothmg more than a comparison of 
the stoicheiometric properties of the two substances 
Schmitz was unable to free bis inhibitor from con 
siderable amounts of ammomum sulphate, and his 
estimate of enzyme inhibition was based on the 
mcrease m non protem mtrogen followmg relatively 
short hydrolysis of casern by trypsm If the sub 
stance obtamed by this method from human 
plasma is the specifio mactivator for plasma 
trypsm, it would be expected to lose activity m the 
presence of streptokmase, which was not the case 
From the method of Jfractionation employed it 
might reasonably be concluded that the substance 
18 part of the serum albumm which has escaped 
precipitation with the blood, but is partly denatured 


SUMMARY 

1 Trypsm and trypsm inhibitors can be assayed 
viscosunetncally with gelatm as a substrate, usmg 
the flow-time mdex relationship developed by 
Swyer & Emmens (1947) for the assay of hyaluroni 
dase Some of the prmciples mvolved are dis- 
cussed 

2 The serum trypsm inhibitor is relatively 

stable and followmg fractional precipitation or 
electrophoresis it is associated with all fractions 
though mamly with the most soluble albumm 
fraction It cannot be removed or destroyed by 
ether extraction, but is easily damaged by cWoro 
form It IS sensitive to mcreased hydrogen lon 
concentration and is lost slowly, if at all, on 
storage ^ 

3 A small amount of inhibitory material was 
obtamed from human and sheep blood usmg the 
method described by Schmitz (1938) The human 
material was not affected by the addition of strepto 
kmase and it is doubtful if it has the role assigned 
to it by tins author. 

4 There is a marked species variation betveon 
the antitryptic power of different animal sera, but 
little variation between the sera of mchndual 
members of the same species 
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6 No increase was found in the antitrypsin level 
of rabbit sera following feeding of trypsin and a shgbt 
increase after repeated daily injections of trypsin 
No change was observed in the inhibitory power of 
guinea pig sera following protein sensitization either 
before or after the production of anaphylaxis 

6 The sera of certain persons suffering from 
tuberculosis showed a marked morease m inhibitory 
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power as did the sera of all women exammed m the 
termmal stages of pregnancy 

The authors wish to thank Mr M V Stack for help in 
perfecting *the viscosimetnc technique. Dr M A Kennard 
for the gift of crystalline chymotrypsin, Drs G I Swyer 
and J D A Gray for sera and Dr R Kekwick for 
electrophoretic separation of serum ffactions and helpful 
criticism 
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Protease Inhibitors 

2 BACTERIAL PROTEASES AND THEIR INHIBITORS 

By E S DUTHIE Am) L LORENZ, Ltster ItisMuie, Elstree, Herts 

{Reccvved 9 July 1948) 


Inlnbition of bactenal proteases by normal or 
immune sera has been studied by various authors, 
although the results are not always m agreement, 
probably because of the failure to recognize that 
the filtrates might contam several proteases, only 
one of winch was inhibited by normal senim In 
addition, sensitinty to inhibitor might vary ac- 
cording to the organism and tjqie of culture used 
von Dimgem (1898) found that the hydrolysis of 
gelatin by filtrates of Bacillus anthracie, Vibno 
cholcrac and Staphylococcus aureus was inhibited by 
imimme but not bj' normal serum Bertiau (1914) 
foimd that normal human serum had no mlubitory 
action on the proteases of Bacillus subhhs and 
Pseudomonas pyocyatica, although specific immune 
sonim mhibited Blanc A Pozersla (1920) showed 
that gelatin hydroh-sis by filtrates of Clostridium 
sporogcncs was inhibited by normal horse serum. 


which had no action on filtrates of Cl histolyticum 
Pozerski & Guehn (1938) showed that raw egg white 
had similar properties with regard to these filtrates 
A more comprehensive study by Maschmann 
(1937 a, h, 1938 a, b, c, d, e) showed that at least three 
extracellular proteases could be recognized, and 
that a bacterial filtrate might contam one or more of 
these dependmg on the organism and method of 
preparation A summary of Maschmann ’s findings 
IB given m Table 1 

Smith & Lmdsley (1939), m a study of the hydro- 
lysis of gelatm by filtrates of various Clostridia, 
showed that, whilst normal serum inhibits pro- 
teases of non-pathogemc bacteria, it has no action 
on those of pathogens such as Cl histolytzcum. 
Cl welchn and Cl oedemahens Filtrates of a rough 
stram of Cl histolyticum were, however, inhibited 
by rabbit serum, but experiments showed that. 
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Table 1 Glassification of bactenal proteases according to Maschmann ( 1937 r 7 , b, 1938 a, b, c, d, e) 

Protease 

( 1 ) ‘Pyocyaneus 
protease ’ 

Organism 

Ps pyocyanea* 
Chromobact 
prodtgtosum* 

Ps fluorescens 
hquefaciens* 

B mesentencus* 

Substrate 

All proteins and 
peptones 

Inhibition by 

Activator normal serum 

Not required ^ 

( 2 ) ‘Gelatmase’ 

Cl wdchti 

Cl septtcum 

Cl histolytxcum 

Gl ckauvei 

Gelatm only 

Not required _ 

(3) ‘ Anaerobiase ’ 

Cl wdchii 

Cl septicutn 

Cl Tiislolylicum 

Cl botulinum 

All proteins 

Requires low redox - 

potential (SH com 
pounds best) 


* These orga n iB m s are aerobes all others listed above are anaerobes 


whilst the inhibitory power of serum against the 
filtrates of a rough strain of Gl histolyticimi was 
lost on storage or on treatment with atrunonium 
sulphate to half saturation, there was no corre- 
spondmg loss when tested agamst trypsm Electro- 
phoretic separation of normal rabbit serum showed 
that the mhibitory power agamst trypsm lay 
entirely m the albumm fi’action, wlulst that agamst 
the protease produced by a rough stram of Cl 
histolyhcum was present also to some extent m the 
^-globuhn fraction 

Some explanation of these findmgs can be found m 
the studies of Maschmann (1937 o, b, 1938 o, b, c, d, e), 
who showed that the pathogemc Clostridia, 
01 welchi%, Gl hwtolyticum, produce a specific 
gelatmase not inhibited by serum BidweU & van 
Heymngen (1948) have smce confirmed the sub- 
strate specificity of the Gl welclm gelatmase 

EXPERIMENTAL 

Gnlture JiUrates The cultures of Staph aureus Chroma 
bacterium prodiffiosum and Ps pyocyanea were grown 
18-24 hr in digest broth continuously shaken Those of 
B anthracis and V cholerae were grown m Rous bottles on 
agar for 18-24 hr and washed off m sahne Cl bifermentans 
was grown on the medium of Macfarlane & Kmght (1941) 
Cl lodchn Types A and D, and Cl histolyticum were grown 
8-18 hr in a meat mfusion broth contaimng 0 6% (w/v) 
glucose and 0 001 M thioglycolhc acid The Cl welchii 
Type B culture was grown m a glucose peptone broth con- 
tammg thioglycoUic acid and sodium glycerophosphate 
All cultures with the exception of those grown on agar were 
filtered free of organisms, those grown in hqmd media were 
concentrated 6-30 tunes by pressure dialysis, and all were 
finally dialyzed against salme and stored under toluene at 
4° or frozen 

Estimation of enzyme and inhibitor activity The majority 
of estimations were made by the viscosimetnc technique 
already described (Duthie A Lorenz, 1949) A standard 
preparation of crjstalhne trjqism which was assigned the 
arhitrari 1 aluo of 20,000 units/mg was the standard of 


comparison The casein hydrolysis espenments descnbed 
m Table 2 had the enzyme concentration given m the second 
column of the table m a total of 1 ml of 1 % casern, and 
were mcubated 3 hr at 37°, after which the mixtures were 
precipitated with 2 vol of 6 % (w/v) tnchloroacetic acid 
The increase in acid soluble ‘tyroame’ against control 
mixtures not mcubated was estimated by the Fohn and 
Ciocalten phenol reagent 

All inhibitors were mcubated for 10 mm at 37° with the 
enzyme before the addition of substrate Mdk dotting 
times were estimated by addmg equal volumes of fresh milk 
to the enzyme concentration given CoUagenase activity 
was measured as descnbed b}’’ Oakley, Warraok A van 
Heyningen (1946) 



Fig 1 Relationship between flow time mdex (v) and 
loganthm of enzyme concentration for two bactcna 
filtrates x , Ps pyocyanea, o. Staph aureus (100 units ol 
bactenal filtrate = 5pg of ciystalhne trypsm, i e n flow 
time index of approximately 600) 

RESULTS 

Measurement of proteolytic activity 

Effect of bacterial proteases on gelatin Tho exami- 
nation of a number of badterial proteases (Fig 1 
showed that the flow time mdex (v) plotted against 
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the logarithm of enzyme concentration gave a 
straight Ime over at least part of the range v = 600— 
200 The slope of the Ime m the case of certam 
organisms approximates to that for trypsm, lying 
between 1/380 and 1/460 (Duthie & Lorenz, 1949), 
but m the case of other organisms, except Cl 
welchii Type B, it lay between 1/260 and 1/300 



Pig 2 Effect of pH on enzyme activity of filtrates of 
aerobic bactena as measured by the flow-tune index 
A, Chromohaci prodtgiosum, □, Siaph aureus, O. T 
choleras 

(Fig 1, Table 2) Thus dilution of these latter 
decreased the rate of gelatm hydrolysis much less 
than m the case of trypsm Quantitative viscosi- 
metric comparisons of protease activity between 
these two types of filtrate were, therefore, impossible, 
and all solutions used m Table 2 were standardized 
so as to have a v value of about 600 after 20 miri 
hydrolysis of gelatm 


Effect of pH The filtrates chosep for comparison 
were selected from those bacteria which showed 
well-marked proteolytic activity in crude uncon- 
centrated filtrates The majority of such filtrates 
showed optimal activity between pH 7 and 9 
(Figs 2, 3), although a filtrate of Gl iveldm Type A 



Fig 3 Effect of pH on enzyme activity of filtrates of 
afiaerobic bactena as measured by the flow-time index 
Cl tvekhti Type A filtrate, ■, Cl toekhu Type B 
filtrate, •, Cl htstolpticum 

showed two optima, one at pH 7 and the other at 
pH 10, mdicatmg the presence of two enzymes 
Walbum & Ile3mann ( 1934) obtamed similar curves 
for this organism, although their optima were 
shghtly lower All filtrates showed good activity 
around pH 7 6, which was that used m the majority 
of experiments 


Table 2 Effect of the same concentratwn of different bacterial filtrates on different substrates 
and a comparison of the inhibitory activity of normal sheep serum 


Oiganism 

Siaph aureus (113344) 

B anthracis 

ChromobacI prodigtosum 
Ps pyocyanea 
B megatherium 
Cl welchti Type A 
Cl tcclchti Type B 
Cl bifcrmentans 
Cl histolyticum 

Ciystallme tijpsin 


Gelatmase activity 
(flow time mdex) 


Enzyme 



Enzyme and 
10% (v/v) 

Slope of 
gelatm 
activity 

alone 

sheep serum 

carve 

612 

406 

1/270 

603 

0 

1/260 

640 

0 

1/440 

620 

0 

1/380 

61)3 

0 

1/260 

600 

650 

1/450 

670 

0 

1/110 

613 

0 

1/280 

646 

326 

1/410 

608 

0 

1/400 


Activity against casein 
jneasured as fig ‘tyrosme’ 
hberated/irf digest 


Enzyme 

\ 

Enzyme and 

Milk 

clottmg 

10% (v/v) 

tune 

alone 

sheep serum 

(mm ) 

102 

48 


110 

0 

18 

118 

18 

16 

111 

0 

30 

100 

0 

3 

0 

0 


80 

39 

3 

84 

0 

4 

66 

0 


81 

0 

_ 
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Serum ^nh^b^t^on 

Action of serum The addition of serum to a final 
concentration of 10 % (v/v) affected the hydrolysis 
of both gelatm and casern m the case of aU the 
bacterial filtrates studied (Table 2) Complete 
inhibition of gelatm hydrolysis was found m the 
case of four of the five filtrates of aerobic bacteria 
and m two of the anaerobic bacteria Wide variation 
m sensitivity to serum was encountered among those 
completely inhibited by 10% sheep serum, a 60% 
inlubition was produced m 100 umts of a filtrate 
of Ghromobact prodigiosum by a final dilution of 
1 26 % serum, whereas the same effect was pro- 
duced m 100 umts of a filtrate of Ps pyocyanea by 
as httle as 0 06 % serum Tlie inhibitory power of 
different a n i m al sera varied accordmg to the species 
(Table 3), sheep being very much more inlubitory as 
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same inhibitory power as the fresh sera used Even 
if this were not the case, the figures show clearly 
that inhibitory actmtjr against trypsm and a 
bacterial filtrate are unrelated, since the fresh sheep 
serum was equal m inhibitory power to the old 
semm when measured against crystaUme trypsm, 
though five times as active when measured against 
the bacterial filtrate The inhibitor against bactenal 
filtrates was very sensitive to age and to acidity, 
more than 90 % of the activity of sheep serum bemg 
lost after 2 hr at 37° and pH 4 6 or 30 nun at 70° 
m neutral solution The loss m activity agamst 
trypsm under these conditions was less than one 
third (Dutlue & Lorenz, 1949) 

Salt fractionation Precipitation with ammonium 
sulphate provided further proof (Table 6) that the 
serum inhibitor agamst a bacterial filtrate was 
different from that agamst crystalhne trypsm smce 


Table 3 Comparison of inhibitory effect of normal 
animal sera on a culture filtrate of Ps pyocyanea 
as measured by flow -time index 

(Edtrate 100 units/ml sera 0 16 % (v/v) ) 

Sera 

/ ■' > 

Rabbit Human Horae Sheep 

Plow time mdex 386 390 330 190 

m the case of crystalhne trypsm (Duthie & Lorenz, 
1949) The mteraction between serum and a filtrate 
of Ps pyocyanea was immediate, there bemg no 
mcrease m inhibition if the mixture was mcubated 
for varymg periods prior to the addition of gelatm 
Effect of age and heating on serum Speounens of 
horse and human sera kept at 4° rapidly lost part 
of their inhibitory power agamst bacterial filtrates, 
though this was not so noticeable m the case of 
sheep serum Table 4 shows that, m a comparison 

Table 4 Comparison of loss in inhibitory effect of 
stored normal sera on a bacterial filtrate (Ps 
pyocyanea) and on crystalline trypsin 

(Sera stored 1 year at 4° Enzyme 100 unita/mL) 

Loss in inhibitory 
power (%) 

A_ 


Human Sheep 

serum serum 

Edtrate of Ps pyocyanea 66 80 

CrystaUme trypsm 30 Nd 


of fresh and stored human and sheep sera, the loss 
in inhibitory activity is very much greater when 
measured against a bactenal filtrate than agamst 
crj'stallme trypsm The comparison is based on the 
assumption that the stored sera had originally the 


Table 6 Comparison of inhibitory power of sheep 
serum fractions measured against 100 units of 
crystalline trypsin and a culture filtrate of Ps 
pyocyanea 

(Fractions separated by (NHjl^O^ and activity ei 
pressed as percentage of inhibitory activity of whole semro ) 

Albumm precipitated 
by complete saturation 

with(NH4)^04atpH4 2 

Globulm (Er^tion G^) 

CrystaUme trypsm 20 45 

Ps pyocyanea 38 2 8 

the more soluble albumm fraction 0^ , precipitated 
by full saturation with ammomum sulphate at the 
isoelectric pomt, contamed nearly half the ongmal 
activity against trypsm but only 3 % of the original 
activity when measured agamst the bactenal fil 
trate Similar results were obtamed with fractions 
separated electrophoreticaUy Thus wbde both 
globulm and albumm fractions are ndubitorv. 
though m different degree, to crystalhne trypsm, 
the bulk of the mJubitory action agamst bactena 
proteases is associated with the globulm 


Effect of other inhibitors 

Egg white and soya bean Neither soya bena 
qism inhibitor nor pancreatic tiypsm mliibitor 
d any action on the proteases of either Slap 
reus, Ps pyocyanea or Ohromobact prodtgiosuis 
iw egg white resembled serum with regard to 10 
rymg sensitivity of different bactenal filtrates 
able 6) Ovomucoid purified accordmg to 10 
ithod of Lmeweaver & jMurray (1947) 

iinst 1 OOimits of crystaUme trypsmat I 2,uuo, » 
b was without activity agamst bacteria 1 
1 1000 
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Table 6 Compariaoyi of sensitivity of different bacterial filtrates to serum and to egg white 


Human serum 
Egg -white 
Soya bean 


Concentration 
of inhibitor 
{%) 


1 25 
26 
01 


Inhibition of proteolysis (%) 


c 

Ps 

pyocyanea 


Chromohacf Cl taelchii 
prodigiosum Type A 


100 50 Nil 

82 33 Nil 

Nil Nil Nil 
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Specific antisera Blieni specific antiserum is added 
to a constant amount of a culture filtrate of Staph 
aureus or of Gl welchii Type A, and the flo-w-tune 
mdex 18 plotted against the umts of antiserum 
added, the curves obtamed are not dissimilar from 
those obtamed by the addition of normal serum to 
either crystaUme trypsm (Duthie & Lorenz, 1949) 
or to filtrates of bacteria (Eig 4) The -viscosimetric 



Fig 4 Effect of increasmg amounts of specific antiserum 
on filtrates of Staph aureus and Cl toelchn Type A. 
(Staphylococcal antiserum was a globnhn fraction. Cl 
loelchi) antiserum iras a pepsm digested globulin ) 
A, Staph aureus, Cl welchit 

method con thus be used m the estimation of the 
antiprotease component of any antiserum Both 
staphylococcal and Gl welchii Type A antisera -were 
spocifio m them outiprotease activity and the Cl 
xvclclm Tj-pe A antiserum did not neutralize the 
protenses in Cl iLclchii Type B filtrates 

Comparison of filtrate activities 

Table 2 shows that for all five filtrates of aerobic 
bacteria exammed there i\ as a \ ery good correlation 
betiseen casern and gelatin hydrolysis, comparmg 
the t> mine and acid soluble ‘tjrrosme’ liberated, 
indicating that the same enzjane is probably 
nuohed The filtrates from Clostndia showed a 
Biochem 1040, 44 


much greater degree of variation and, m addition, 
a lower ratio of casern to gelatin hydrolysis Of 
these four filtrates, only Gl welchii Type A failed 
to hydrolyze casern, and to hydrolyze gelatm m the 
presence of serum The hydrolysis of gelatin by a 
filtrate of Gl Imtolyticum was only partly mlnbited 
by serum, and both filtrates presumably contam a 
specific gelatmase These two filtrates attacked 
native collagen m the form of muscle and tendon, 
but coUagenase and gelatmase properties are not 
due to the same enzyme, smce two purified pre- 
parations of collagenase received from Miss E 
BidweU had lost completely their power of attacking 
native collagen foUowmg 4 months’ storage at 4°, 
while retaining their gelatmase properties imim- 
paired 

None of the filtrates m Table 2 sho-wed increased 
proteolysis m the presence of thioglycolhc acid 
Only certam filtrates clotted milk, and then the 
rate of reaction was not related to protease activity 
as measured either on gelatm or casern The 
clottmg of milk was inhibited by normal sera and 
especially by the globnhn fraction The albumin 
fraction used m the experiment of Table 6 had little 
or no inhibitory effect 

DISCUSSION 

In contrast to serum antitrypsm, which is associated 
■with the more soluble albinmu fraction, the serum 
inhibitor of bacterial proteases is associated mainly 
with the globulins Tins property is also much more 
labile than m the case of serum emtitrypsm, but it 
does not disappear completely on storage as stated 
by Simth & Lmdsley (1939) Like-wise, whilst con- 
siderable differences esast between the inhibitorj' 
power of the sera of different species, it is never 
absent as claimed by Maschmann (19376), and such 
discrepancies as have been reported are due either 
to varjong sensitmty of the proteases tested or to 
failure to use fresh serum, smce the mlubitory titre 
of horse serum can fall very rapidly even at 4° The 
rapid combmation of the serum inhibitor of bacterial 
proteases with enzyme resembles that of an antigen- 
antibody reaction, and further distmguishes this 
mlnbitor from serum antitrypsm Todd (1947) has 
foimd that the serum of about 5 % of normal horses 
and 25 % of normal humans mvestigated contained 

12 
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an inhibitor for a streptococcal protease winch he 
studied Tlie inlnbitor also lay in the glohuhn 
fraction and suggested some form of ‘natural anti- 
body ’ Wide variations m antiprotease titre, such as 
were found by Todd, were not noticed m the present 
studies, but sufficient work has not been done on 
tins pomt All human and animal sera m^ estigated 
mhibited susceptible bacterial proteases, and the 
mlubition would, therefore, appear to be part of a 
non-specific immumtx reaction 

Recently Haas (1946) has studied the inhibitorv 
action of serum on hvaluromdase both of testicular 
and of bacterial origin Haas finds that, hke the 
reaction between serum antitrypsm and trj-psm, the 
amount of mlubition mcreases with time of contact 
of enzyme and serum prior to mcubation with sub- 
strate Similarlj the inlubitor is destroyed bv short 
treatment with acid and by Jieating to 53° for 
15 mm It is apparentlv assumed that the same 
substance is responsible for the mlilbition of both 
testicular and bacterial hvaluromdase, smce the 
source of the enzyme used m these experiments is 
not specified On the basis of these findmgs, Haas 
concludes that the serum mlubitor of hyaluromdase 
IS an^nzyme which he terms antu asm 1 Smce the 
mlubitory properties of serum for both trypsm and 
bacterial proteases are analogous to and closely 
resemble those antihyaluromdase properties de- 
scribed by Haas, one might equally regard them as 
bemg due to an enzyme While such a possibihtv 
rmght be considered, it is felt that the evidence 
produced by Haas is insufficient 

The filtrates of Cl tcdchii Type A and Cl hrsto- 
lyticum clearly contam the substrate-specific gela- 
tmase described by ^Maschmann (1937a, h, 193S6), 
which is only partly inhibited bv i ery large 


amounts of normal serum such as 10% (v'v) used 
m Table 2 Although gelatmase is closelv associ- 
ated with coUagenase m the punficationprocessused 
bv Bidwell 5: van Heynmgen (1948), the two are not 
identical, smce coUagenase activity alone is lost on 
storage or on dialvsis at pH 10 0 (BidweU peisonal 
commum cation) 

smniARY 

1 The flow-tune mdex relationship described 
by Swver & Emmens (1947) can be used for the 
nscosunetnc assa v of bacterial proteases and their 
inhibitors 

2 The serum inhibitor active against bacterial 
proteases is a labde component of the glohuhn 
fraction, m contrast to the relativelv more stable 
serum antitrvpsm, which is found mamly m the 
albumin fraction The serum of different animal 
species vanes m its mhibitorv power 

3 Bactenal proteases vary m their sensitivitv to, 
the serum mlubitor the specific gelatmase found 
m certam Clostridia bemg relatively insensitive 
filtrates sensitive to serum are also inhibited bv egg 
white, but aU are imaffected by ovomucoid sova 
bean or by pancreatic tiypsm inhibitors 

4 Cl wclchxi Type A gelatmase is inhibited bv 
specific antiserum and the potency of different anti 
sera can be compared viscosunetncally The gelati- 
nase activity is mdependent of coUagenase activitv 

The authors wish to thank ^Irs A A ililes for the Cl 
btfermenlans filtrate. Dr G P Gladstone for the filtrate of 
B anthracu. Miss E Bidwell for the pnnfied specimen of 
coUagenase, Mr M. V Stack for protem estunahoiis and 
Dr R Kekwick for electrophoretic separation of senun 
firactions 
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Tho only kno'wn radioactive isotope of sulphur wluch 
18 suitable for biochemical mvestigations is 
Durmg the period 1941-6, was used m this 
laboratory as a tracer isotope m biochemical studies 
of mustard gas (di-2-chloroethyl sulphide), certam 
mustard gas derivatives, and 2 3 dimercaptopro- 
panol (BAL) These mvestigations were made 
possible as a result of bemg made avadable for 
the work from sources m the USA, and through 
the kmdness of Dr F C Hemiques, jun of Harvard 
Umversity, who supphed the radioactive material 
m the form of mustard gas It was durmg the course 
of the work with radioactive mustard gas that the 
present method of measurmg ^®S m biological 
material was developed 

has a half life period of 87 1 days (Hendricks, 
Bryner, Thomas & Ivie, 1943) and it emits j3 
particles with a maximum energy of 0 120 MeV 
(Kamen, 1941) The low energy /3 particles are easdy 
stopped by relatively thm layers of absorbmg 
matenal, and m order to measure 2®S accurately it 
18 necessary to make corrections for the absorption 
of the radiation by the radioactive material itself 
Correction for self-absorption of the radiation is 
faoihtated by the separation of the isotope as a con- 
stituent of a sulphur compound The radioactivity 
of tins compound is then determmed m an apparatus 
sufficiently sensitive to measure soft radiation Such 
a procedure can be developed by modifymg a gravi- 
metric method for the determmation of sulphur m 
such a way that the final precipitate is collected m 
a form smtable for the measurement of its radio- 
activity A relation can then be obtamed experi- 
mentally between the thickness of the precipitate 
m this form and its radioactivity 

Several methods have been described m which the 
material containmg is oxidized and the sulphate 
13 precipitated as the banum or benzidme salt, the 
radioactmty of which is measured Among the 
oxidation procedures which have been used are the 
Pirie (1932) method (Tarver & Schnudt, 1939, 

> Boursnell, Francis & WormaU, 1946), the Camis 
method (Henriques, ICistiakowsky, Margnetti & 
Sclineider, 1946), oxidation with concentrated 
< nitnc acid and hydrogen peroxide (Sehgman & 
Fuie, 1943), and oxidation with sodium carbonate 
and sodiiun peroxide (Dziematkowsla, 1945 ) 

* St Thomas’s Hospital Medical School, London, 


The first method used m tins laboratory (Young, 
1941) for the separation of sulphur m biological 
matenal for radioactivity measurements was based 
on the Masters (1939) modification of the ter 
Meulen (1922) procedure for determimng sulphur 
The type of apparatus required and the amount of 
attention needed for the conduct of this method 
rendered it unsmtable for the performance of the 
large number of analyses which had to be carried 
out and it was eventually abandoned V anous modi- 
fications of the mtnc acid-perchloric acid oxidation 
procedure (Pine, 1932, Masters, 1939) were also 
tested, but m our hands they 3 uelded low results 
when used for the determmation of the sulphur 
content of some of the compounds bemg studied 
(e g mustard gas, thiodiglycol) 

The procedure finally adopted (Patnck & Young, 
1943, McCarter & Young, 1944) was based on that 
origmally described for the analysis of orgamc com- 
pounds by Canus (1860) A study was made of the 
conditions which must be observed if this method 
IB to be apphed to biological matenal After the 
matenal had been oxidized, the sulphate was preci- ' 
pitated as benzidme sulphate by a procedure based 
on that described by Niederl, Baum, McCoy & Kuck 
(1940) for the rmcrodetermmation of sulphur m 
organic compounds The benzidme sulphate preci- 
pitate was collected by a method designed to 
reduce, as far as possible, self absorption of the 
radiation by the compound durmg the measurement 
of its radioactivity In order to correct for the small 
amount of self-absorption which did occur, the 
deposit of benzidme sulphate was weighed, and all 
radioactivity measurements were referred to the 
same weight of benzidme sulphate The decision to 
separate the sulphate as the benzidme salt rather 
than as barium sulphate was based mainly on the 
finding that benzidme sulphate yields a uniform 
deposit suitable for radioactivity measurements 
much more readily than does banum sulphate 
The radiation from can be measured m several 
different ways Hennqueseial (1946) compared the 
Launtsen quartz fibre electroscope and a counter 
with a Geiger tube with a very thm wmdow, and 
found them to be equally satisfactory on the basis 
of accuracy and sensitimty, although these workers 
mdicated a preference for the electroscope for the 
routme measurement of The apparatus used m 
the present work was an ionization chamber with 
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a direct current amplification system employ mg an 
FP-64: tetrode valve This valve has been described 
by Metcalf & Thompson (1930) When it is operated 
m conjunction with a galvanometer, currents of the 
order of 10“^* amp can be measured with compara- 
tive ease, and currents as small as 5 x 10“^® amp 
can be detected (DuBridge, 1931) 

EXPERIMENTAL 

Conversion of the sulphur of organic compounds 
and biological material to benzidine sulphate 

Expenment showed that 1-2 mg S yielded an amount of 
henzidme sulphate (8 8-17 6 mg ) smtahle for radioactivity 
measurements, and it was necessary to oxidize an amount of 
material which contamed this weight of S if the addition of 
non radioactive sulphate to the sample was to be avoided 
In order to do this it was necessary to know the approximate 
S content of the material bemg analyzed There is httle in- 
formation on the total S content of tissues to be found m the 
hterature Kamhayashi (1929) reported mean values of 
2 22 and 2 42 mg , respectively, for the S content/g of fresh 
hver and muscle of rats (body wt , 180-260 g ), and similar 
values for the tissues of other animal species have been 
reported (Sdberstem, 1934, Brown & Klauder, 1935, 
Masters & McCance, 1939, Sherman, 1941) It appeared 
probable, therefore, that it would be necessary to develop 
an oxidation procedure which could be apphed to 0 3-0 6 g 
of fi^sh tissue This was confirmed by expenence 

Experiments were conducted m which the size of the 
CanuB bomb, the amount of HNO3, and the time and 
temperature of heatmg the bomb were varied untd a satis 
factory set of conditions was found for the oxidation of 
0 3-0 5 g of tissue The methods used for the evaporation 
of the contents of the bomb and for the precipitation of the 
sulphate with henzidme hydrochlonde were based on those 
used by Niederl et al (1940) for the miorodetemimation of 
S m orgamc compounds Benzidme sulphate separates well 
when centrifuged, and when “S was to be measured, the 
henzidme sulphate was separated and washed m a centn 
fuge tube before depositing it on a Petn dish for radio 
activity measurements When the method was apphed to 
the gravimetric determmation of S, the henzidme sulphate 
was coUeoted on a microfilter with a fntted disk, washed, 
dned-and weighed as described by Niederl ei al (1940) 
A detailed account of the procedure is given below 

Procedure The foUowmg reagents were used Red fuming 
HNOj (Baker’s C P Analyzed Sp gr 1 69-1 60) 

NaBr Analytical reagent grade 

Benzidme hydrochlonde reagent To5g of pure henzidme 
hydrochlonde were added 40 ml of n-HCI and enough 
oO % (v/v) aqueous ethanol to give 260 ml The solution was 
heated untd it was just boding It was then cooled, filtered 
and stored m a dark glass stoppered bottle The solution 
was filtered firom time to time 

Ethanol, 60 and 95% (v/v) These reagents were pre 
pared by ddutmg pure ethanol with water, and were tested 
to ensure that they did not yield a significant amount of 
residue when evaporated to dryness 

Great care was taken m the cleaning of all glassware used 
m the measurement of This was especially important m 
the case of glassware which had been used m the analj sis of 
strongly radioactive material 
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The general procedure adopted for preparing and seahng 
the CanuB bombs was that described by Niederl el al (1940) 
The bombs were made from Pyrex glass tubmg with an 
mtemal diameter of 2 2 cm and an external diameter of 
2 5 cm The length of a bomb was based on the quantity and 
nature of the material to he oxidized, and m general the 
length was between 30 and 60 cm Whenever possible, the 
amount of material oxidized was such that its S content was 
1-2 mg When it appeared probable that a sample of 
matenal which was bemg analyzed for its “S content con 
tamed less than 1 mg S, sufficient non radioactive NajSO^ 
was added to raise the S content of the benzidme sulphate 
precipitate to at least 1 mg The sample was mtroduced mto 
the bomb together with 6-10 mg of NaBr and 1 2 ml of red 
fttmmg HNOj (m some analyses it was necessary to use 
larger amounts of HINO3, and under these conchtions bombs 
of greater length than 60 cm were used) The open end of 
the bomb was drawn out to a thick-waUed capillary and 
sealed immediately after the mtroduction of the reagents 
The bomb was then heated at 300° m a Canus furnace for 
not less than 4 hr After the bomb had been allowed to cool 
m the furnace, the tapered portion was heated gently to 
drive mto the mam part of the bomb any hqmd which had 
condensed m the capillary In order to release the pressure 
mside the bomb the tip of the capillary was then heated 
with a small hot flame until an openmg was forced by the 
compressed gases A scratch mark was then made around 
the bomb just below the tapered portion, and the bomb was 
cracked stroimd this mark by applying a hot glass rod to it 
The tapered portion was separated from the mam part of 
the bomb and washed with water These washings, together 
with the contents of the bomb, were washed with water 
(total vol 25 ml ) mto an evaporation tube and evaporated 
to dryness 

The evaporation tube consisted of a Pyrex boilmg tube 
(20 X 2 6 cm ) with a short glass side arm attached at right 
angles 4 cm from the mouth The evaporation tube was 
closed by a cork (a new cork was used for each analysis) 
carrymg an mverted L shaped inlet tube with a constriction 
at the lower end A short length of rubber tubing with a 
screw chp was attached to the upper end of the inlet tube 
The evaporation tube was clamped m a boding water bath, 
the Bide arm connected through a trap to a water pump, and 
a current of air drawn through the tube The flow of air was 
regulated by means of the screw chp on the mlet tube, and 
the position of the mlet tube was adjusted so that its lower 
end was just above the surface of the solution After the 
solution had evaporated to dryness the glass mlet tube was 
washed with water (total vol 3 ml ) These washmgs 
collected m the evaporation tube and served to dissolve the 

residue Two ml of 95% (v/v) ethanol were then added with 

shaking, foUowed by 1 or 2 ml of benzidme hydrochlonde 
reagent (the larger amount of this reagent was used when 
ever it appeared probable that tbe sample containe more 
than 2 mg S) The precipitate of benzidme sulphate was 
stirred and aUowed to stand for 30 mm The conteffis ot the 
evaporation tube were then transferred to a taperM lo 
centrifuge tube The evaporation tube was washed wth 
small portions of 95 % ethanol (total vol 3 ml ) an c- 
were added to the contents of the centrifuge tube 
cipitate after centrifuging ivas suspended m 10 ml of o /o 
ethanol and recentnfuged The precipitate was t en 
suspended m 95% ethanol, and transferred to a weig 
Petn dish, 9 cm m diameter The precipitate was evapor 
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ated to dryness by holding the Petn dish over an electric 
heater Dunng the evaporation the dish was manipulated 
in such a way that an even deposit of henzidme sulphate 
was obtained, covering the bottom of the dish After cooling 
the dish was placed overnight m a desiccator It was 
weighed and was then covered with its hd untd the radio- 
activity of the deposit was measured 

The following procedure was used when the “S content of 
the analyzed sample was likely to exceed that which could 
be measured accurately with the ionization chamber 
apparatus The aqueous solution obtamed after dissolvmg 
the residue m the evaporation tube was made to a known 
volume A measured portion of this solution was then 
diluted to 3 ml , non radioactive NajSO^ was added when 
necessary, and the addition of 96 % ethanol and precipita 
tion of the benzidme sulphate were earned out as desenbed 
above 

Further details of the appbcation of the method to the 
measurement of ’“S in orgamc compounds, tissues and 
excreta are given below 

Analysw of organic compounds When the method was 
apphed to a compound contaimng “S, the sample (hqmd 
or sohd) was weighed m a small stoppered glass tube on 
a microbalanoe The NaBr and red fu m i n g HNO3 were 
placed m the bomb, the stopper was removed from the tube 
contaimng the sample, the tube was mtroduced carefully 
into the bomb, and the bomb was sealed without delay 
Analysts of tissues Rat tissues were placed m stoppered 
u eighing bottles immediately after removal from the 
ammal A representative sample (0 3-0 5 g ) of each tissue 
was weighed, transferred to a bomb containing NaBr, red 
fummg HNOj was added, and the bomb was sealed 

Two procedures were used for the measurement of in 
blood \\Tien the concentration of m the blood was such 
that accurate results could be obtamed by the analysis of 
0 2 ml samples of blood, this amount was mtrodne^ into 
a bomb together with 1 mg S (as non radioactive NajSO,), 
and the analysis completed as desenbed above When it was 
necessaiy to analyze laiger samples, 1 ml of blood, 1 ml of 
water and 1 ml of red fuming HNO3 were placed m a bomb 
The bomb was left unsealed and its contents were evapor 
ated to small volume on an air bath NaBr and 1 ml of red 
fuming HNO3 were then added, the bomb was sealed, and 
the analysis then completed m the usual way 

MTien the whole carcass of a rat was analyzed, it was 
placed in a beaker (2 1 ) and red fuming HNOj (approx 
0 67 ml /g of carcass) was added The mixture was stirred 
from time to time and all of the carcass, with the exception 
of some fatty matenal, dissolved m the HNO3 m a few hours 
at room temperature The mixture was then transferred to 
a separatmg funnel and the HNO3 solution was separated 
from the fatty matenal The volume of the HNO, solution 
\\ as measured, 0 6 ml, was transferred to a bomb which 
contained NaBr and 1 ml of red fummg HNO3 and the 
anali sis completed as desenbed The fatty matenal was 
stirred vigorously with red fuming HNO, (about 50 ml of 
acid n ore used for the fatty matenal from a rat weighmg 
150 g ), the volume of the suspension was measured, and a 
1 ml sample was sealed in a bomb which contamed NaBr 
and 0 5 ml of red fummg HNO3 

Analysts of excreta In order to detenmne the total 
content of unne, the volume of the urine was measured and 
0 2 ml was sealed in a bomb with 1 mg S (as non radio 
actn e Na-SOi), NaBr and 1 ml of red fuming HNO3 For 
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the analysis of faeces, the matenal was first ground in a 
mortar, and a weighed sample was then oxidized in the 
usual way 

Qrammetric determination of sulphur The procedure 
differed from that already desenbed m the following respects 
The solution obtamed by dissolving the residue m the 
evaporation tube was filtered to remove dust partides and 
any other insoluble matenal The benzidme sulphate was 
precipitated under the conditions already desenbed It was 
then filtered on a microfilter with a fntted disk, washed 
with small portions of 60 % (v/v) ethanol (total vol 10 ml ), 
and dned to constant weight at 100-102° 

Measurement of the radioactivity of benzidine 
sulphate samples 

Apparatus The apparatus consisted of an ionization 
chamber and an FP-54 electrometer circmt * The circmt 
used was based on that desenbed by DuBndge & Brown 
(1933) The FP 64 valve (General Electric Co , Schenectady, 
New York) was housed m an mverted position m an evacu- 
ated brass contamer directly above the ionization chamber 
The ionization chamber was made of brass and was oylm 
dneal m shape (mtemal dimensions diameter, 11 cm , 
height, 7 cm ) It consisted of an upper and a lower part 
which could be separated to permit the mtroduotion of the 
Petn dish carrymg the radioactive sample The control gnd 
of the valve was connected to the central electrode of the 
lomzation chamber and a resistor of 1(P® fl , situated inside 
the housmg of the valve, was cormected between the control 
gnd and earth The sensitivity of the electrometer circuit 
was controlled by usmg an Ayrton shunt m conjunction 
with the galvanometer (no 2500 g, Leeds and Northrup, 
Philadelphia, Pa ) 

Current flow m the circmt was adjusted so that the 
galvanometer showed no deflexion when no radioactive 
matenal was present m the ionization chamber When a 
radioactive sample was mtroduced into the chamber a 
galvanometer deflexion was produced which reached its 
equihbnum position m 10-15 mm The minimum amount of 
radioactivity measurable with the apparatus was considered 
to be that which gave rise to a deflexion of 50 mm when the 
galvanometer was operated at its maximum sensitivity 
A p ray standard (prepared from uramum oxide) with an 
activity of 0 01 pc , produced a deflexion of 260 mm 

standards The “S used m the present work was re 
ceived m the form of pure mustard gas (m p 14 2-14 4°) 
The content of 5 mg of this mustard gas was considered 
arbitrarily to be 1000 units The number of atoms of “S m 
this matenal was a very small fraction of the total number 
of S atoms, and as the S content of non radioactive mustard 
gas IS 20 2%, 1 umt corresponded closely to the ’®S/pg of 
mustard gas S 

In order to compensate for variations in the sensitivity of 
the apparatus used for radioactivity measurements, and to 
avoid makmg corrections for decay, standard “S samples 
were measured on each half day that the radioactivity of 
unknown samples was measured Each standard consisted 


* The use of this apparatus was suggested to us by 
Dr N B Keevil, Department of Physics, Umversity of 
Toronto, and with his guidance the apparatus was assembled 
by one of us (M E ) 
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of 1 mg S m the form of benzidme sulphate, and it con 
tamed a known number of units of “S, i e it contamed the 
from a known weight of the parent specimen of radio 
active mustard gas 

Mdaltonship between galvanometer deflexion and the “S 
content of the benzidine sidphate sample The ionization 
chamber apparatus was adjusted so that, as far as possible, 
a hnear relationship existed between the galvanometer 
deflexions and the activities of the samples The galvano 
meter deflexions produced under these conditions by a 
senes of “S standards are shown m Table 1 


Table 1 Oalvanometer deflexions produced 
by a semes of ^'’S standards 


m sample 

Galvanometer 

Galvanometer 

(umts) 

shunt 

deflexion (mm ) 

0 005 

1 

84 

0 010 

1 

167 

0 020 

1 

330 

0 050 

01 

72 

0 100 

0 1 

141 

0 200 

0 1 

296 

0 50 

0 01 

91 

1 00 

0 01 

190 

200 

0 01 

433 


When ’the data m Table 1 are plotted it is seen that 
an almost straight-lme relationship existed between the 
amount of and the galvanometer deflexions for those 
measurements m which the 1 or 0 1 shimt was used There 
was divergence from such a relationship, however, for the 
data obtamed with the samples which required the use of 
the 0 01 shimt 

Sdf absorption of ^ particles by benzidine sulphate samples 
The low energy of the radiation emitted from results in 
absorption of an appreciable fraction of the p particles by 
the benzidme sulphate In order to determme the influence 
of the thickness of the sample on a radioactivity measure 
ment, samples of benzidme sulphate were prepared which 
contamed the same amount of “S, but which diEFered m 
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weight The experiments were earned out m quadrupheate 
and all the samples were deposited on Petn dishes 9 cm in 
diameter The results obtained when the radioactivity of 
these samples was measured are shown m Table 2 


Table 2 Self -absorption of particles by 
benzidine sulphate samples 


S 

Benzidme 

Average 

‘thickness’ 


m sample 

sulphate 

of sample 

Observed 

(mg) 

(mg) 

(mg /sq cm ) 

radioactivity' 

1 

88 

0 14 

1 00 

2 

17 6 

028 

0 95 

3 

26 4 

0 41 

0 91 

4 

35 2 

0 55 

0 86 

6 

440 

0 69 

0 81 


* Expressed as a fraction of the radioactivity of the 
samples which contamed 1 mg S 


All standard samples contamed 1 mg S m the form of 
benzidme sulphate (8 8 mg ), and m order to take self 
absorption effects mto consideration, radioactivity measure 
ments were always referred to this amount of S Smee 
benzidme sulphate samples of unknown radioactivity 
always contamed at least 1 mg S and were weighed, it was 
possible by the use of a graph of the data m Table 2 to 
correct for self absorption effects m the measurement of “‘S 
This correction was usually small, for the S content of the 
unknoivn samples rarely exceeded 2 mg 

Application of the method 

Orammetric determination of sulphur The Caniis 
oxidation-benzidnie sulphate method was apphed 
to the gravimetric determmation of sulphur in a 
series of organic compounds mcludmg mustard gas, 
its sulphoxide and sulphone, and thiodiglycol The 
results obtamed m the gravimetric analyses are 
shown m Table 3 


Table 3 Qrammetmc determination of sulphur in organic compounds 
by the Camus oxidation-benzidine sulphate method 


Compound 

L Cystme 

Phenyhnercaptuno acid 
p Mnorophenyl L cysteine 
p Eluorophenylmeroaptuno acid 
Di 2 ohloroethyl sulphide 
Di 2 chloroethyl sulphoxide 
Di 2 chloroethyl sulphone 
Di 2 hydroxyethyl sulphide 


Wt of 


Sulphur 

A 


compoimd 

analyzed 

Calc 

Found 

Eecovery 

(mg) 

{%) 

(%) 

(%) 

6 36 

26 7 

27 2 

101 9 

6 92 

— 

27 2 

101 9 

13 57 

13 4 

13 7 

102 2 

3 19 

— 

13 6 

101 6 

6 90 

14 9 

16 2 

102 0 

864 

— 

15 2 

102 0 

8 78 

12 6 

12 6 

100 8 

8 94 

— 

12 7 

101 6 

6 17 

20 2 

20 6 

102 0 

6 20 

— 

20 6 

101 6 

7 OS 

18 3 

19 0 

103 8 

7 46 

— 

18 7 

102 2 

6 66 

16 8 

17 6 

104 2 

9 16 

— 

17 2 

102 3 

10 29 

20 2 

20 6 

101 1 

12 98 

— 

26 6 

101 6 
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The results obtamed show that m eVery ajialysis 
the weight of the benzidine precipitate was shghtly 
Inglier than the theoretical amount This was not 
due to the presence of sulphur m the reagents for 
tests showed that, m the quantities used, the re- 
agents did not contam measurable amounts of 
sulphur It seems probable that the error was due to 
occlusion, for McKittnck & Schmidt (1946) have 
found that this type of error is hable to occur m the 
gravimetric determmation of sulphate as its benzi 
dme salt Provided there is complete precipitation 
of the radioactive sulphate when is bemg 
meiisured (see below), the occlusion of small amounts 
of material by the benzidme sulphate is, however, of 
no significance when no other source of radioactivity 
IS present 

Although the method was not developed for the 
determination of the total sulphur content of tissues 
and other biological material, the gravunetno pro- 
cedure was apphed to rat tissues m order to find the 
amounts of benzidme precipitate which these tissues 
might be expected to yield m the course of the 
measurement of their content F our male white 
rata (body wt 160-186 g ) were used for the experi- 
ments, and the results expressed as mg of sulphur 
(mean±SB)/g of fresh tissue were as follows 
liver, 2 66 + 0 16, kidney, 2 47 + 0 11, heart, 2 89 
+ 017, lung, 2 10 + 0 09, spleen, 2 20 + 0 18 , bram, 
1 69 ± 0 09, eye, 2 83 ± 0 12, stomach, 2 12 ± 0 10, 
small mtestme, 2 48 ± 0 09, testis, 1 40 ± 0 06, leg 
muscle, 2 47 + 0 09 , skm (chpped), 2 26 + 0 09, 
carcass (all of the animal that remamed after 
removal of the above tissues), 2 29 + 0 04 

For accurate results m the determmation of 
sulphate as the benzidme salt, it is necessary to 
remove phosphate as a pre limin ary step (Fiske, 
1921, Owen, 1936, Mcliittrick & Schnudt, 1946) 
The mterfermg action of phosphate under the con 
ditions used m the present work was shown by 


Measurement of The foUowmg experiments 
were made to gam information about the efficiency 
of the procedure used for separatmg radioactive 
sulphate as its benzidme salt 

Four 6 mg samples of radioactive mustard gas were 
oxidized by the Canus method and the sulphate was pre 
cipitated as the benzidme salt In two of these experiments 
1 ml of benzidme reagent was used, and m the other two 
experiments 2 ml The precipitates were separated and 
washed m the usual way and their “S contents were 
measured The supernatant hqmds obtamed after separatmg 
and washing the precipitates were coUeoted, however, m 
stead of bemg discarded The two supernatant hqmds from 
each precipitate were combmed, concentrated and trans 
ferred to a Petn dish The concentrate was then evaporated 
to dryness and the radioactivity of the residue was measured 
Four similar experiments m which rat skm or hver was 
oxidized together with the mustard gas were also made 

The results (Table 4) show that the fraction of the 
radioactive sulphate which was not separated m the 
benzidme precipitate was neghgible, whether the 
volume of henzidme reagent used was 1 or 2 ml The 
results also show that the residue from the oxidation 
of skm or hver did not mterfere with the precipita- 
tion of the radioactive sulphate 


Table 4 Oompleteness of separation of radio- 
active sulphate as its benzidine salt 


Material oxidized 

Vol of 
benzidme 

■Unaeparated “S 

with 5 mg radioactive 

reagent 

(%ofwS 

mustard gas 

(ml) 

separated) 

— 

1 

<0 3 

— 

1 

04 

— 

2 

03 

— 

2 

05 

Skm (0 363g) 

1 

<0 3 

Liver (0 406 g ) 

1 

03 

Skm (0 343g) 

2 

<0 3 

Liver (0 369 g ) 

2 

<0 3 


experiments m which 1 mg of sulphur (as NojSO^) 
was precipitated ip the presence of 1, 2, 3, 4 or 6 mg 
of phosphorus (as KH^FO^) The weights of the 
benzidme precipitates corresponded to 1 05, 1 07, 
111, 1 32 and 1 86 mg of sulphur, respectively 
These results suggest that the gravimetric detenm 
nation of total sulphur m biological material by tlus 
method may give results wdnch are more than 10 % 
in error when the amount of pliosphorus present m 
the material analyzed is three or more tunes that of 
t lie sulphur present It is noteworthy, however, that 
the total phosphorus content of a series of rat tissues 
(liver, kidney, spleen, small mtestme, testis and 
leg muscle) has been found to range from 2 1 to 
2 9 mg /g of fresh tissue (IMcCarter, unpublished) 
It appears, therefore, that m the analysis of these 
tissues, any mterference by phosphorus m the 
determination of total sulphur ns benzidme sulphate 
IS hkclj to bo small 


Expenments were conducted m which the 
recovery of was determmed when rat tissues 
(skm, leg muscle, hver, blood) and excreta m 
amoimts similar to those analyzed m tracer studies 
were oxidized together with weighed amounts of 
radioactive mustard gas Four analyses were 
carried out with each land of biological material 
and the results obtamed are given m Table 5 


Table 6 Recovery of added in the form 
of mustard gas to rat tissues and excreta 


Material 

Skm (0 2Q8-0 316 g ) 

Leg musde (0 300-0 324 g 
Liver (0 295-0 305 g ) 
Blood (0 20 ml ) 

Faeces (0 199-0 297 g ) 
Urme (0 20 ml ) 


Eadioactive Recovery 

mustard gas of “S {%, 

(mg) mean±sn) 

5 06-5 26 98±1 3 

5 06-5 16 100±2 6 

5 07-5 15 99±2 6 

4 84r-5 12 100+2 0 

4 99-5 21 95±2 7 

5 07-5 21 101 ±2 7 
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In order to determine the recovery of when 
a carcass was analysed, two experiments were 
carried out m each of which a rat weighmg 166 g 
was kdled, 6 mg of radioactive mustard gas were 
apphed to its skm, and the analysis was completed 
m the manner described earher m the paper, the 
recoveries of were 98 and 96 % 

DISCUSSION 

The Carius oxidation-benzidme sulphate method is 
well smted to the routme measurement of m 
biological material, for the operations mvolved are 
simple, require httle tune, and are such that they 
can be conducted simultaneously with groups of 
analyses A possible objection to the Carius pro- 
cedure, namely that loss of material is liable to 
occur as a result of explosion durmg the oxidation 
process, is of no significance, for under the experi- 
mental conditions described herem, the explosion 
of a bomb is a very rare occurrence The benzidme 
sulphate precipitate can readily be collected m a 
uniform maimer, and although the procedure 
employed m the present work for preparmg the 
precipitate for radioactivity measurement was de 
signed for use with an ionization chamber apparatus, 
it can easily be adapted to meet the reqmrements of 
other forms of apparatus siutable for the measure- 
ment of the radiation from 

Tlie method is apphcable to the gravimetric 
determmation of sulphur m a variety of orgamc 
compounds (see Table 3) This, m itself, is insuffi- 
cient, however, to justify the conclusion that the 
method permits the quantitative recovery of ^’’S 
present m such compounds The weight of the final 
precipitate m a gravimetric emalysis may correspond 
to the calculated weight as a result of a cancellation 
of errors, e g mcomplete precipitation may be oflfeet 
by occlusion This possibihty can be excluded, how- 
ever, smce it has been found that no significant 
amount of remains behmd after separation of 
the benzidme sulphate (Table 4) Tins finding, taken 
m conjunction with the results of the gravimetric 
analysis of mustard gas, shmvs that with the present 
method the separation of the of radioactive 
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mustard gas as benzidme sulphate is essentially 
quantitative Under these conditions radioactive 
mustard gas can be used as a source of m studies 
of the accuracy of the method as a means of 
measurmg m biological material This was done 
by oomparmg the amounts of found when 
samples of a given specimen of radioactive mustard 
gas were analyzed alone, and when they were 
analyzed m the presence of biological material The 
results reported m Table 5 show that m a total of 
twenty-four analyses m winch such experiments 
were earned out with six different kmds of biological 
matenal, the mean recovery of was 99 %, and 
the standard deviation of a smgle measurement from 
the mean was 2 8% The destructive oxidation of 
mustard gas does not occur readily, and tins fact, 
when considered together with the findmgs 
desenbed above, suggests that the present method 
IS smtable for the measurement of m a variety 
of biological matenals 

SUMMARY 

1 A method for the measurement of radioactive 
sulphur (^'S) m biological matenal is described 
A sample of the matenal is oxidized by the Carius 
method and the sulphate is precipitated as benzidme 
sulphate The radioactivity of the benzidme sulphate 
IS measured m an ionization chamber operated m 
conjunction with an FP-64 valve amphfymg system 
and a galvanometer, and is compared with the 
activities of samples of benzidme sulphate prepared 
from the parent radioactive specimen 

2 ^Vhen mustard gas prepared from radioactive 
sulphur was analyzed m the presence of biological 
material (skm, leg muscle, hver, blood, faeces, or 
urme) by this method, the mean recovery of was 
99 %, and the standard deviation of a smgle measure 
ment from the mean was 2 8% 

The authors wish to thank Dr P 0 Henriques, jun of 
Harvard Umversity, for providing them with radioactive 
mustard gas The mvestigation was aided greatly by the 
advice and assistance given by Dr N B Keevd, Depart 
ment of Physios, Umversity of Toronto 
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A Method for the Colorimetric Micro -estimation of Thymine 

By D L WOODHOTJSB, Dancer Research Laboratory, Medical School, University of Birmingham 

{Received 13 January 1948) 


Thymine la the distmctive pynmidme of the nuclear 
deoxynhosenucleic acid A sensitive method for its 
estimation -would ha of service m the analysis of 
nucleic acid, m conjunction -with other analytical 
teclmiques Thymme can be distmguished from 
uracil or cytosme by the stable red colour -whioh is 
produced -when it is coupled with the diazo reagent 
of Koessler & Hanke (1919) m a solution made 
alkalme -with sodium carbonate and afterwards 
reduced -with hydroxylamme m presence of sodium 
hydroxide (Hunter, 1936) This reaction has been 
exammed as regards sensiti-vity, specificity and 
smtabihty for quantitative work 

EXPERBMENTAL 
Micro estimation of pure thymine 

Reagents and procedure Shght modifications were made 
of Hunter’s (1936) procedure The diazo reagent used was 
that of Koessler & Hanke, -viz (i) 1 5 ml sulphamhc acid 
solution (4 5 g m 45 ml cone HCl, made up to 500 ml 
■with water), and (n) 1 6 ml NaNOj solution (26 g in 
600 ml water) Solutions (i) and (u) are qmokly mixed and 
cooled, after 6 mm , 6 ml NaNO. solution are added and 
the solution made up to 60 ml It is kept cold m ice water, 
and the reagent used npt less than 20 mm after makmg the 
final dilution If kept cold it is stable for 24 hr and can 
con\ enientlj bo prepared daily from the stock solutions 
Coupling was performed at 20° and allowed to proceed 
for cxactlj -0 mm , after which the NaOH was added, 
followed by hydro-tylamme During the couplmg, the 
tubes should be immersed m a water bath at the prescribed 
temperature The extension of tune as compared with 
Hunter’s quabtatu o test (5 mm ) gives a more mtense 
colour, but no extra tmt m similar^ conducted blank tests 
m winch distilled water replaces the thymme solution It is 
nd\ isable to use stoppered \ cssels to exclude NHj or acid 
fumes, and to mix. the solutions qmckly and thoroughly at 
all stages 


Intensitj' and stabdity of the colour was measured by 
means of a Spekker absorptiometer, nsmg the foUowmg 
amounts of reactants, mixed m the order given NajCOj 
(2 0 ml , 2 4 (w/v)% solution of anhydrous salt), distiUed 
water (2 0 ml ), diazo reagent (2 0 mL), thymine solution 
(2 0 ml contauung 0 0126-0 100 mg /ml ), NaOH (2 0 ml 
of 3 n) , hydroxylamme hydroohlonde (0 2 ml of 20 % w/v) 
Colour values were read using a blue filter (Chance OB 2) 
Beer’s law was obeyed up to thymme concentrations of 
0 1 mg /ml Curves have been made -with specimens of 
thymme kmdly given by Genatosan Ltd (Loughborough) 
and Schwarz Laboratories Ino (New York) The samples 
gave identical readings 

The tune of couphng must be measured exactly and the 
temperature should not vary by more than ±0 6° If the 
reaction is earned out at a higher temperature, e g 46°, 
more mtense colours are produced even with very dilute 
solutions, 10 /ig in a final volume of 10 ml can be detected 
with ease, but these conditions are not recommended for 
quantitative estimations 

Substances reacting under similar conditions (i) When 
tested by the above techmque none of tbe punnes or 
pyrimidines kno-wn to occur m nucleic acids gives the pmk 
colour except thymme The other bases yield yeUo-iir tmts so 
that if relatively large amounts of these substances are 
present together with thymme, they affect the colour pro 
duced The presence of uracil m the proportion of 0 1 mg to 
0 1 mg thymme occasions httle error, however, when the 
presenbed conditions are observed 

(u) The reaction yields yellow colours of various m 
tensities with ammo acids or protems at concentrations of 
0 2 mg /ml With cystme a tmt very similar to the thymme 
colour IS produced 

(m) Certam aldehydes, mcludmg furfural, and decom 
position products produced by mild hydrolysis of nucleic 
acids, produce pmk tmts so that precautions must be taken 
to exclude such substances when estimatmg thymme In 
these circumstances it was not found possible to apply the 
method directly to hydrolysates of nucleic acid 
Comparison with the method of Harkins <t Johnson (1929) 
These writers described a test for thymme m which the 
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acetol obtained by refluxmg brominated thymme with 
Ba(OH)j IS distilled and combined with a reagent produced 
by heatmg o mtrobenzaldehyde with FeS04 m presence of 
concentrated NH3 followed by steam distdlation After 
acidifymg the mixture with HCl and then makmg alkalme 
with NaHCOs, a blue fluorescence results which is more 
mtense when viewed m the mercury arc hght 

I have confirmed the statement that, by this technique, 
1 mg thymine can be detected if the volume of the com- 
pleted test IB reduced to 1 mL, but espenments showed that 
the Hunter (1936) test was much more dehcate Also the 
‘diazo couphng’ method requires only simple apparatus 
and 18 much more convement for routme analyses 

Application of the method to nucleic acid 
(o) Technique 

The Himter (1936) reaction cannot be apphed directly to 
a solution of hydrolyzed nucleic acid, smce certam reaction 
products, particularly from nbosenucleio acid, also produce 
red coloured compounds Efforts to ehmmate these, or to 
extract the thymine quantitatively with various solvents, 
were not successful It was, however, found possible to 
apply the reaction after separatmg the pynmidme as a 
silver compound The method was based partly on the 
techmque of Levene (1922) for separation of purmes, and 
partly on that of Barnes <L Schoenheuner (1943) for the 
isolation of thymine from thymus nucleic acid Levene 
showed that, when HCl gas is passed freely for some tune 
mto a suspension of nucleic acid m methanol, heat is 
hberated, the nucleic acid dissolves and the purmes are 
precipitated After standmg m the cold overnight, they can 
be removed by centrifugation Barnes & Schoenheimer 
evaporated such a supernatant from the purme precipitate 
to a small volume, hydrolyzed the products by 20 % HCl m 
a sealed tube, and isolated some orystaUme thymme 

In the present work the hydrolysate from 60 mg of de 
oxynbosenucleic acid was evaporated to dryness under 
reduced pressure on the water bath and free HCl removed ns 
thoroughly as possible The residue was dissolved m 3 ml of 
25% (v/v) HjSOi, 1 6 ml transferred to a combustion tube 
(6-6 m long) and heated m a furnace at 176° for 2 6 hr 
Sulphates and phosphates were removed by addmg hot, 
saturated Ba(OH)j to pH 9 and centnfugmg The precipi 
tate also earned down aU coloured carbonized materials 
The supernatant hqmd was concentrated to about 10 ml , 
acidified with HNO3 to pH 6 and 1 ml of 6 % (w/v) AgNO, 
added — shown to be a slight excess by testmg externally 
with Ba(OH)j solution The silver-purme compounds, to 
gether with any rema inin g AgCl, were removed on the 
centrifuge after standmg m the cold The supernatant was 
then made alkahne to pH 9 with cold Ba(OH)2, added drop 
by drop A flocculent precipitate resulted, consistmg of 
pynmidme silver salts together with some silver hydroxide, 
which, on standmg, gave a brownish appearance to the 
precipitate After ohiUmg overmght, the mixture was 
centrifuged, the precipitate washed with a few drops of 
distilled water, heated to 80° with 6 ml of N HCl to de 
compose the Ag compounds, and, after coolmg, the insoluble 
AgCl was removed by centnfugmg The solution containmg 
the thymme was made up to 10 ml , sohd NajCO, added 
until effervescence ceased, the volume adjusted to 25 ml , 
and 2 ml portions were submitted to the modified Hunter 
test 


(6) Thymine in commercial nucleic acida 

(1) Thymus nucleic acid Samples of 20 and 60 mg of the 
matenal were subjected to the procedure outlmed above, 
and the results compared with the P content as detenmned 
by Holman’s (1943) method The latter gave a figure of 
7 3% P as compared with the theoretical of 9 2% for the 
tetrasodium salt of deoxynbosenucleic acid, mdioatmg 
80% purity 

Colonmetno estimation of thymme showed a content of 
0 128 mg m 20 mg of nucleic acid correspondmg to 70 % of 
theory, or 90% of the expected amount based on the P 
content 

(u) Feast nucleic acid Repeated analyses of such matenal 
demonstrated that only a trace of thymme was present, the 
final colour bemg tmged only very shghtly pmk The 
negative diphenylamme reaction (Disohe, 1930) obtamed 
with the sample supported the assumption that the de 
oxynbosenucleic acid content was very small 

(c) Thymine in nucleic acid samples from fresh calf thymus 

These were prepared by a modification of Hammars ten’s 
(1924) method In order to remove the cytoplasnno con 
stituents the mmced tissue was extracted three tunes with 
physiological salme which removes a high proportion of the 
cytoplasmic nucleoprotem without affectmg the nuclear 
nnoleoprotem (Mirsky &, PoUister, 1946) The isolation of 
the nucleic acid was then completed as desenbed by 
Hammarsten (1924) This method, which yields fibrous 
nucleic acid, was used smce it does not require a high speed 
centrifuge such as must be employed to clarify the highly 
viscous solutions of nucleoprotem obtamed m Mirsky’s 
method of extraction with m NaCl solution 

The P content of the product was 7 2%, which agreed 
closely with the value of 7 09 % obtamed by Hammarsten 
(1924), but the colour obtamed m the quantitative di 
phenylamme reaction (Dische, 1930, Siebert, 1940) was 
defimtely greater than that given by commercial thymus 
nucleic acid When solutions of the same P content were 
compared, a ratio of 1 13 1 00 was found The thymme 
content was 7 06 % These figures suggest that the matenal 
was probably free from nbosenucleio acid but stfll retamed 
some impunty In order to remove this a solution m 
2N-NaOH was warmed on a water bath for 1 hr at 70° and 
rendered famtly acid with acetic acid The precipitate was 
dissolved m 0 1 n NaOH, reprecipitated fixim ethanol, 
washed several tunes with ethanol ether and dned m a 
desiccator to constant weight 

Portions on analysis gave the followmg values (1) P 
content 8 8% (cf theoretical 9 18% and for commercial 
specimen 1 51%), (u) Dische diphenylamme reaction colour 
relative to an equivalent solution of commercial nucleic 
acid was 1 26 1 00, (m) N content 16 2% (theory 16 6%), 
(iv) thymme content 9 0% (theory 9 3%), (v) as a further 
check on the deoxynbose content compared with the com 
mercial specimen, the oysteme reaction (Stumpf, 1947) uas 
earned out, yieldmg a relative colour value of 1 20 1 00 

The matenal thus appears to have been 96% deoxy 
nbosenucleio acid, and the method for thymme estimation, 
which has been desenbed, is satisfactory for applying to 
nucleic acid m quantities as small as 20 mg 

Further work is bemg done to compare the thymine 
content of deoxynbosenucleic acid isolated from animal 
tumours with that denved from normal tissues 
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SmiMARY 

1 A colonmetnc method, is described, for the 
quantitative estimation of thymme winch is smt- 
able for quantities between 60 and 200 /ig m 2 ml 
of solution 


2 The apphcation of this method to the estima- 
tion of thymme m 60 mg samples of deoxynbose- 
nucleic acid is reported 

This work was earned out under the auspices of the 
Birmingham Branch of the Bntish Empire Cancer 
Campaign 
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Anaerobic Leakage of Potassium from Brain 

By K C DIXON, Department of Pathology, University oj Cambridge 

{Received 21 May 1948) 


Interruption of blood supply to tissues and organs 
IS one of the mam causes of organic disease 
Characteristic histological changes follow such 
vascular occlusion, and it seems likely that these 
have their ongm m chemical and metabohe dis 
turbances produced by depnvation of oxygen and 
food substances &om the tissue cells The present 
commumcation describes a study of some of the 
chemical events takmg place when the supply of 
oxygen and glucose to the cells of the bram is mter 
rupted Tliese two deficiencies are probably the 
immediate determmants m the dislocation of cere 
bral function foUowmg vascular accidents, and thus 
may be regarded as the primary factors m ischaemic 
damage 

The mtracellular concentration of potassium is 
many tunes greater than that outside the cells 
Danowski (1941) showed that this mtracellular 
potassium diffuses out of red blood cells when the 
blood sugar is used up, or when glycolysis is m- 
hibited by fluoride Harris (1941) reported similar 
results Dickons & Greville (1933) found that brief 
anaerobic incubation of shces of cerebral cortex, 
■mthout substrate, causes inhibition of glycolj'sis, 
and Macfnrlane & Weil-Mallierbe (1941) ascertamed 
that piTophosphat-e is destroyed at the same tune 
Golfer &; Essex (1947) observed a loss of potassium 
from bram durmg commlsions Potassium ions are 
known to cause mtense aerobic stimulation and 
anaerobic mhibition of the glj’^coljdic metabolism of 
cerebral cortex (Ashford & Dixon, 1935, Dickens & 
Gro\ file, 1935) For these reasons the present work 
w as designed to find out if leakage of potassium also 


occurs from bram when deprived of oxygen and 
glucose In this tissue a rise m the external con- 
centration of potassium rmght produce profound 
metabohe changes m neighbourmg areas outside 
the imtial region of ischaemia as well as affectmg 
radically the mtemal nuheu of the cells primarily 
affected 

METHODS 

Shces of rabbit cerebral cortex were suspended in bicar- 
bonate Ringer solution without glucose made up according 
to Dickens & Greville (1936) and previously saturated with 
Nj containing 5% COa After washing m this solution, the 
shces were transferred to Warburg manometer cups con 
taimng 1 6 ml of fluid In general, half the shces were 
moubated m bicarbonate Rmger without substrate, and 
the remainmg shces in the same volume of the same salt 
solution contammg m addition 0 2 % glucose In some 
experiments half the shces were meubated m this glucose 
Rmger, and the remainder m the same glucose Rmger 
containing 0 05 % NaF In a few expenments three samples 
of the shces were used, one without substrate, one with 
glucose and one with glucose and fluonde The manometers 
were filled at room temperature with N, contammg 6 % CO, 
the gas bemg passed through for 3-3 5 miri 
Potassium estimations were made as follows Practically 
the whole of the 1 5 ml of flmd remainmg m the mano 
meter cups after mcubation at 38° was pipetted away fium 
the shces mto centrifuge tubes usmg Pasteur pipettes This 
fluid was then centrifuged at high speed for 15 mm and 
1 ml of the clear supernatant flmd was pipetted off mto 
Pyrex crucibles and evaporated to dryness in an oven at 
100-120° Cone HNOj (0 5 ml ) was then added to each, 
and agam the crucibles were heated, to dryness The 
crucibles were then mcmerated for 3 hr m an electnc 
muffle furnace at 400-450°. to destroy ammomum salts 
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The colourless residues were extracted twice with 0 6 ml 
portions of 0 1 N HCl and twice with 0 6 ml portions of 
distdled water Durmg extraction the crucibles were 
hnefly heated, each tune on a hot plate, tdl steammg com 
menced The four washmgs from each crucible were trans 
ferred, usmg Pasteur pipettes, to numbered graduated 
centnfnge tubes and each made up to 2 ml (a httle fluid is 
lost by evaporation durmg the heatmg) Sodium cobalti 
mtnte solution (1 ml , see Kin g, 1946) was added to each 
tube, and after standmg for 46 mm the precipitated 
potassium oobaltimtnte was separated by centrifugation 
After draimng and washmg twice with 70% ethanol, the 
cobalt m the precipitate was estimated by the method of 
Jacobs & Hoflinan (1931) usmg the colour reaction with 
chohne chlonde and Na^Fe(CN)j The volume at the final 
stage was made up to 9 ml , and the colours were compared 
with similarly treated standard K and standard Co 
solutions m an Evans photoelectnc colorimeter, as designed 
by K i n g (1946), usmg an Ilford tncolor red filter as sug 
gested by this author A sample of the Rmger solution used 
m the experiment was mcluded m each batch of estimations 
as a check on recovery followmg mcmeration The recovery 
of K from this bicarbonate sahne was always at least 90 and 
often 100 % (see Table 1) Eqmvalent amounts of KCl alone 
cannot be estimated m this way as recovery is extremely 
poor, presumably owmg to unshielded K salts attaokmg the 
Pyrex crucibles above 400° In the ashed bicarbonate 
Ringer, on the other hand, only a mmute fraction of the 
contamed K salts probably comes into sufficiently mtimate 
contact with the Pyrex to cause appreciable loss It will be 
evident fiem the figures given that the recovery of K con 
tamed m the momerated bicarbonate sahne is practically 
complete usmg the method descnbed above 
Anaerobic glycolysis (Q^*) was measured manometncaUy 
Readmgs were taken every 10 mm and the values of 
were calculated over the first 0 6 hr 

Considerable uniformity m the values of anaerobic 
glycolysis was shown with different specimens of rabbit 
bram cortex Furthermore, glycolysis was fairly constant 
throughout mcubation, only faUmg by 14% (average of 17 
experiments) over 40 mm This constancy contrasts with 
observations of previous workers usmg rat bram For the 
sake of brevity protocols have had to be omitted 
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RESULTS 

Table 1 summarizes the results of estimations of 
potassium m Rmger solution before and after mcu 
bation xvith bram shoes for 1 lir The mean dry 
weights of tissue used are also shown Considerable 
mcrease m the potassium concentration of the fluid 
surroundmg the tissue was observed, when the 
medium was devoid of glucose, or contamed 
fluoride as well as glucose With glucose alone, on 
the other hand, this mcrease was ehmmated and was 
generally replaced by shght dimmution m the 
potassium concentration 

A clearer picture of these results is given m 
Table 2 by evaluatmg the amounts of potassium 
hberated or absorbed per unit dry weight of tissue 
Mean values for anaerobic glycolysis are also shown 
The amount of potassium hberated or absorbed is 
expressed m gl , on the basis of 1 geqmv Bl = 11 2 gl 
The number of gl of potassium hberated or 
absorbed/mg dry wt of tissue/hr gives values of 
convement order A positive value sigmfles hbera 
tion of potassium and a negative value a corre 
spondmg absorption Owmg to strmgency of space 
mdividual values have had to be omitted In every 
case except one the results obtamed refer to parallel 
experiments imder at least two of the conditions 
studied with the tissue of each of the rabbits used 
From Table 2 we see that, m the absence of 
glucose, potassium was m every case hberated mto 
the flmd surroimdmg the bram tissue, at an average 
rate of 2 2 gl /mg /hr The leakage of potassium was 
suppressed by glucose and was usually replaced by 
a small net absorption of potassium (0 4 gl /mg /hr ) 
In the presence of glucose the anaerobic glycolysis 
was lugh (Qi’ = 28±3), but m the absence of 
glucose very small (Qf’ = 2±l) It appears that 
when glycolysis can take place the amoimt of 


Table 1 Potassium leakage from brain tissue 

(Showing K concentration m Rigger before and after anaerobic incubation for 1 hr at 38 inth sbces of rabbit-brain 
cortex The sbces were suspended m 1 6 ml of fluid Observations on the tissues of 22 rabbits are mcluded ) 

Rmger after mcubation with 




Initial 

Rmger 

solution 

Initial 

Rmger 

after 

mcmeration 

bram sbces m the presence of 

A 



t 

Glucose 

0 2% 

No 

substrate 

Glucose 0 2%, 
NaF0 06% 

K concentration 
m eqmv /I 

Mean 

Range 
s D 

8 E of mean 

2 46 

2 3-2 6 

0 11 

0 03 

2 37 

2 1-2 6 

0 14 

0 03 

2 08 

1 7-2 6 

0 26 

0 06 

3 86 

3 1-4 9 

0 48 

0 12 

3 62 

3 1-3 9 

0 23 , 

0 07 

Dry weight of tissue 
used (mg ) 

Mean 

Range 

S D 

— 

— 

' 13 48 

8 1-20 2 

3 51 

11 43 

7 7-17 3 

2 99 

11 22 

8 1-15 3 

3 15 

No of determmations 
on mitial solutions 

— 

13 

16 

— 

— 


No of rabbits from 
which tissue was used 

— 

— 

— 

21 

10 

10 
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Table 2 Potasstum leakage from bratn tn terms of dry u,eigU 
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(K hberaboa into the fluid bathing the brain shoes during incubation for 1 ^ at 38° is expr^sed as ^/mg ^ ^ 
of tissue Positive values indicate hberation of K, negative values indicate absoiption Ij^quiv ^ ^he 

anaerobic glycolysis is also shoivn The figures are from the same senes of experiments on the tissues of .2 rabbits referred 

to m Table 1 ) „ 

/J K/mg dry wt /hr Vi 


llean 
Range 
s n 

s E of mean 
No of rabbits 


Glucose 
0 2 % 

-0 41 

- 1 0 to +0 4 
0 36 
0 08 
21 


No 

substrate 
+ 224 

+ 1 7 to +32 
0 38 
0 10 
16 


Glucose 0 2%, 
NaF0 05% 
+ 1 89 

+ 1 2 to +2 6 
042 
0 13 
10 


Glucose 
0 2 % 

27 7 
23-32 
26 
06 
22 


No 

substrate 

16 
0-4 
1 0 
03 
16 


Glucose 0 2%, 
NaF 0 05% 

1 9 
1-3 
09 
0 3 
10 


potassimn leaving the cells was more than com- 
pensated by mcreased entry, so that there was 
usually no net loss of potassium from the cells mto 
the surroundmg fimd, and oftenthere was an uptake 
from the flmd by the cells In the absence of glyco 
lyzable substrate, however, there was always a 
luglily significant loss of potassium from the cells 
mto the surroundmg flmd 

Table 2 also shows that glycolysis was practically 
eliminated by fluoride (^^* = 2+1) Danowski 
(1941) found that the addition of fluonde produced 
leakage of potassium from human red cells even 
when blood sugar was present The results of 
Table 2 amply confirm this for rabbit bram When 
glycolysis was suppressed by fluonde, potassium 
leaked out mto the surrounding flmd just as m the 
' absence of glucose at the rate of 1 89 /J /mg 
dry wt /lir 3h each parallel experiment usmg 
glucose alone tlus leakage was prevented and was 
often replaced by the actual removal of pdtassium 
from the flmd The suppression of potassium leakage 
TV os not due to the mere static presence of glucose, 
but to its djmamic utilization m supplying energy 
to the glycolyzmg cell, smce when glycolysis was 
inhibited leakage agam became evident 

In the absence of glycolyzable substrate appreci- 
able potassium leakage occurred even m half an 
hour This is apparent from Table 3 which records 
observations with bram tissue of two rabbits incu- 
bated for only half an hour , m these two experiments 
about 1 0 /J K/mg dry weight was hberated m half 
an hour Approximately twice this amount (aver- 
age 2 2 fil ) leaked out m 1 hr (Table 2) In Table 3 
the effect of glj’^colj^zable substrate m curbmg 
leakage and promotmg uptake is also evident 

Table 3 Potassnim acanmdation [mg dry ^veiglit in 
fluid incubated ii ith brain slices for 0 6 hr 

K hberated/mg dry wt /O 6 hr 

/• * ^ 

Rabbit No Glucose 

no Glucose substrate fluonde 


Some potassium leakage may even occur while 
settmg up the experiments at room temperature 
Thus m three cases Rmger solution without sub- 
strate or with, glucose-fluoride was treated with 
bram shces, and eqmhbrated with mtrogen/ceirbon 
dioxide under the same conditions as m the actual 
experiments up to the point of the start of meuba- 
tion Then, instead of bemg placed m the bath at 
38°, the flmd was removed from the tissue shces for 
analysis without mcubation In two cases without 
substrate the potassium concentration of the flmd 
had risen so that 0 9 and 0 6 /il of potassium were 
hberated per mg dry weight In the third case with 
glucose-fluoride, however, no mcrease was detected 
After mcubation for 1 hr , tissue from these three 
rabbits hberated 2 0-2 2 of K 

When both glucose and oxygen were supphed to 
the cells (just as with glucose alone) no net leakage 
of potassimn occurred, and the uptake of potassium 
from the flmd by the tissue is apparently even more 
defimte than with glucose alone Thus with tissue 
from two of the rabbits parallel experiments were 
set up with glucose and oxygen/carbon dioxide as 
weU as the anaerobic experiments recorded m 
Table 2 In one case with glucose alone the rate of 
disappearance of potassium was — 0 6 /il /mg dry 
wt /hr , but with glucose and oxygen this was 

— 1 0 ffl /mg dry wt /hr , while m the absence of 
both glucose and oxygen, there was a net accumu- 
lation of potassium at the rate of +1 7 yl /mg dry 
wt [hr Similarly, m the other case, with glucose 
alone, the disappearance of potassium was 

— 0 6 fil /mg dry wt /hr , but with glucose and 
oxy-^gen this was — 1 2 /mg dry wt /hr , whereas 
the anaerobic accumulation with glucose and 
fluoride was -t- 2 1 yl /mg dry wt /hr It thus 
appears that glucose and oxygen, cheeked the 
leakage and promoted uptake of potassium even 
more effectively than glucose alone 

How far potassimn leakage is accompamed by 
tissue dismtegration is uncertam Lutwak-Marm 
(1947) found tissue dismtegration of gastric mucosa 
to be promoted by anaerobic substrate deprivation 
In the present experiments with bram also more 
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debris was usually formed m the absence of sub- 
strate than when glucose was present In one 
experiment an exceptionally large amoimt of debns 
was formed without substrate , this was much more 
marked than with glucose and even more marked 
than with glucose -fluoride However, the leakage of 
potassium was no greater without substrate than 
with glucose -fluoride Tlus mdicates that potassium 
leakage is probably not mainly occasioned by mere 
tissue dismtegration, but the two phenomena may 
well progress together In the later experiments of 
this series the spun debns was mcluded m the dry 
weight detemunations 

DISCUSSION 

We may conclude from the results recorded m 
Tables 1—3 that when both the supply of glucose 
and okygen to the bram cells is cut off there is 
considerable leakage of potassium mto the extra- 
cellular flmd This loss of potassium may be one of 
the basic factors responsible for ischaemic mjury to 
cells, as potassium is doubtless an essential mtra- 
cellular constituent on whose presence m high con- 
centration many enzymic processes may depend 
Furthermore, m the case of bram, it is possible 
that the loss of potassium from damaged cells may 
have other consequences smce m bram potassium 
ions have such remarkable effects on metabolism 
The irritation and paralysis associated with vascular 
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accidents may thus depend m part on these meta 
bohc effects produced by potassium 10 ns which have 
emerged from the primary focus of ischaemic 
damage out mto adjacent regions, as well as on the 
escape of essential mtracellular constituents (such 
as potassium) out of the mitiaUy mjured tissue 

SUMMARY 

1 Durmg anaerobic metabohsm m the presence 
of glucose there was no mcrease m the concentra 
tion of potassium m the flmd bathmg slices of 
cerebral cortex In some cases there was a decrease 

2 Under the same conditions, but m the absence 
of glucose, there was always a significant rise m the 
potassium concentration of the flmd surroundmg 
the bram shces 

3 The action of glucose m preventmg tins loss 
of potassium is dynanuc it depends on the active 
utilization of glucose by the glycolyzmg cell Wliere 
glycolysis was mhibited by fluoride potassium leaked 
mto the environmental flmd just as m the absence of 
glucose Bram thus resembles red blood cells for 
which Danowsla (1941) has described a similar effect 

4 The sigmficance of these findmgs on the 
nature of ischaermc damage is bnefly considered 

I am very grateful to Jlr N T J Bailey, Statistician to 
the Department of Medicme, Cambndge, for checking the 
figures m Tables 1 and 2, and for useful adnce 
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The Activation of Phosphoglucomutase by Metal Ions 
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The existence of glucose 1 phosphate cmd its con- 
version to glucose-6 phosphate m muscle were first 
described by Con & Con (1936) Kendal & Stick- 
land (1938) claimed that Mg++ and fructofuranose 
1 6 -diphosphate were both essential for this con- 
version, but Con, Colowick & Con (1938) stated 
that ‘the contention of Kendal & Stickland that 
hexosediphosphate acts as a coenzyme and is 
essential for the reaction is not substantiated by 
our findmgs ’ They found, on the other hand, that 


Mn++ and Co++ are more efficient activators than 
Mg++, and that the enzyme (named by them phos 
phoglucomutase) shows a large residual activity m 
the absence of any added metal This has led to the 
mew, expressed typically by Sumner & Somers 
(1947), that ‘phosphoglucomutase requires no co 

enzyme ’ ^ a- i 

The present paper deals with some of the effects 

of metalhc 10 ns on the activity of phosphogluco 
mutase In a later publication the author hopes to 
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descnbe the role of fructofuranoae 1 6 diphosphate 
(HDP), and to reconcde the conflicting statements 
of Con el al (1938) and Kendal & Stickland (1938) 
For the present it is enough to reassert that HDP 
IS essential for maxuual activity of phosphogluco- 
mutase, as vnll be seen later m Table 1 

aCETHODS 

Phosphoglucomuiase In most of the experiments the 
enzyme was partially purified by the method of Colowiok & 
Sutherland (1942), hut similar results can be obtained 
equally well m a simple dialyzed muscle extract 

Glucose 1 phosphate Tins was prepared by a method sub 
stantially the same as that of Sumner & Somers (1943), and 
was used as the K salt 

Salts of metals The salts used were A.R , where this 
quality was available (e g potash alum, chrome alum and 
lead acetate), m the other cases ordmary commercial 
samples were used without special purification 



Fig 1 The course of the conversion of glucose 1 phosphate 
to glucose G phosphate Curve fl, A1+++ +£fZ)P, curve B, 
Mg++ + //Z)P, cune C, Al+++ + Mg++ + ifI)P, curve D, 
Mg+++//I)P, curve E, Ehi^ + HDP or Cr++++Mn++ 
+ HDP , curve P, Cr+++ + 5Ig++ +HDP The dotted hues 
indicate the amount of conversion at equihbnum The 
concentration of HDP was 0 0003 m, and that of the 
metals ii as optimal (see text) 

Mcasureme/it of the course of reaction The reaction was 
followed by determimng the residual glucose 1 phosphate 
hi 5 niin hj drolysis in > HClat 100° The reaction nuxtures 
contained the substrate, ete , at the following final con 
centrations, imlcss otherwise stated glucose 1 phosphate, 
OOlM, Na phosphate buffer, pH 7 6 , 0 005m (approx )| 
HDP, 0 0003 m The larious metals and their concentration 
will bo given m the text and tables For the sake of \mi 
forimti, concentrations are expressed m terms of the 
‘niolantj ’ of eation (e g Cr-n-i) nnd not of the actual salt 
uswl (e g Cr^SO^lj) The reaction mixtures were made up 
m lots of 1 0 or 2 0 ml m C x 0 5 m test tubes, and were 
placed in the water bath at 38° for some 5 mm before the 
addition of the cnzjme solution (0 1 or 0 2 ml at a pre 
determined ddution) The reaction was stopped, usuallv 
after 16 min , hi the addition of 3 \ol of 4% tnchloro 
noetic acid and the inorgnmc PO^ determined in samples of 
tiie tiltmte before nnd after 5 nun acid Indrohsis at 100° 


(Fiske & Subbarow, 1926) When the time course of the 
reaction was to be followed, larger volumes of mixture were 
made, and 1 6 or 2 0 ml samples withdrawn from eaeh mto 
tnchloroacetio acid at zero time and after the required 
mtervals 

The use of a single pomt to measure relative reaction 
velocities was justified by the observation that the reaction 
18 almost hnear until the equihbnum pomt is nearly reached 
A shght lag m the first quarter of the reaction was some 
times noticed (Fig 1) To obtam the greatest possible 
aceuracy, the concentration of the enzyme was always 
adjusted so that, m the fastest reaction of any senes, some 
76% of the conversion had taken place m the tune allowed 
(15 min ) FmaUy, the most important pomts were checked 
by foUowmg the course of the reaction to the equihbnum 
pomt 

RESULTS 

The basic observation is that maximal activation 
of phospboglucomutase is achieved only with a 
combmation of three components, viz two metals 
and HDP (Table 1) Of these three components, the 
present work is concerned only with the two metals, 
and, m aU the experiments that foUow, it may be 
assumed that HDP is present at a concentration of 
0 0003 M unless the contrary is stated A wide 
range of metals has been tested for their power to 
take the place of either Mg++ or A1+++ m the system 
shown m Table 1, and these wiU be dealt with m 
turn 

Table 1 The ^nd^spensdb^hty of three components 
for full phosphoglucomuiase activity 


(Reaction mixture as described m text Concentrations 
of additions Mg++, 0 003 m, A1+++, 0 0006 m, HDP, 
0 0003 m ) 



Glucose 1 phosphate 
converted m 16 mm 


(mg P/100 ml ) 

K 

Additions 

Exp 1 Exp 2 

Exp 3 

Mg+++Hi)P 

11 00 

00 

Ai+++ + HDP 

3 1 13 

00 

Mg++ + A1+++ 

16 17 

07 

Mg+++Al+++ + HDP 

27 7 22 6 

11 0 

Magnesium The mdispensabflity of 

Mg++ was 


demonstrated by the use of a test system contaming 
substrate, enzyme, A1+++ arid jETilP Tlie addition of 
other metals to tins system showed that only Mg++ 
led to the appearance of any considerable actmty 
(Table 2) Cr+++ is not mcluded m tins table, as it 
13 a special case which wiU be considered later The 
concentrations used, except m the case of Mg++, 
were 0 002 and 0 0002 ji, and it is most unlikely 
that any actnnty should exist which would not be 
detected at one or other of these concentrations 
]Mg++ tested at 0 004 ai, the concentration 
sliown to be optunal for glycolysis by Lohmann 
(1931), Con ct al (1938) observed an fll-defined 

optimum for phospboglucomutase ate 0 005-0 01 m 
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Of special interest are the negative results with 
Mn++ and Co++, these will call for further comment 
later 

Table 2 The zrreplaceahilUy of Mg++ 

(Reaction mixture and conditions of experiment as de 
scribed m the text Concentrations A1+++ (o 006 m) and 
HDP (0 0003m) present throughout, Mg++, 0 003 m, other 
metals, 0 002 m The other metals were also tested at 
0 0002 m, with similar negative results Other metals tested, 
at 0 002 and 0 0002 m, mth completely negative results, 
were Be++, Ca++, Zn++, Pb++, Hg++, UOo++, La+++, 
Bi+++, Zr++++, Ce+++ ) 

Glucose 1 phosphate 
converted m 16 mm 
(mg P/100 ml ) 

^ _A 


Addition 

1st senes 

2nd senes 

3rd senes 

None 

27 

0 1 

02 

Mg++ 

26 4 

21 7 

12 3 

Pe+++ 

33 

— 



Mn++ 

32 

— 



Sr++ 

— 

23 



Ba++ 

— 

1 7 



Cu++ 

— 

20 



VO++ 

— 

— 

1 1 

Ni++ 

— 

— 

25 

Co++ 

— 

— 

1 0 

1)1++++ 

— 

— 

1 1 


The relationship between concentration of Mg++ 
and degree of actmty is shown m Fig 2 The 
optimum, 0 003 m, agreed closely with that found 



Pig 2 The relationship between concentration of Mg++ 
and activity of phosphoglucomutase HDP (0 0003m) 
present throughout Circles m the presence of A1+++ 
(0 0005 si), crosses in the presence of Cr+++ (0 00002 si) 

by Lohmann (1931) for the whole glycolytic process, 
but not so closelj’’ with that foimd by Con et al 
(1938) for partially actuated phosphoglucomutase 
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It was the same whether the second metal were 
-A1+++ or Cr+++, the optimum for Mg++ has not 
been specially detemnned for any other metals, 
and Mg++ heis been used at 0 003 m m all other 
experiments 

The second metal In a test system contammg 
substrate, enzyme, Mg++ and HDP, the mclusion 
of A1+++ led to the appearance of a high enzymio 
activity (Table 1), and this power was shared by 
a number of other metals, notably Cr+++, Pb++, 
Fe+++, UOj++, Ce+++, T 1 ++++ Be++, etc (Table 3) 

Table 3 Metals winch can supplement Mg++ 

(Reaction mixture and conditions of experiment as usual 
Concentrations Mg++ (0 003 or 0 004m) and HDP (0 0003 m) 
present throughout, A1+++ and other metals, 0 0002m The 
other metals were also tested at 0 00002 m, without re 
veahng any further activity Other metals tested, at 0 0002 
and 0 00002 m, with completely negative results, were 
Zn++, Ca++, Sr++, Cu++, Hg+^'j Ni++, VO++, Bi+++, Ag+, 
and Cd++ The salts used were the sulphates, except those 
of Be, Ca, Sr, Ba, Hg, Zr, Cs and Sn (chlorides), UOj, La 
and Ag (mtrates), and Pb (acetate) ) 


Glucose 1 phosphate converted m 16 m i n 
(mg P/100 ml ) 

A — 


Addition 

Ist senes 

2nd senes 

3rd senes 

4th senes 

None 

07 

36 

28 

23 

A1+++ 

16 2 

21 7 

12 3 

26 6 

Mn++ 

1 8 

— 

— 

— 

Be++ 

13 7 

— 

— 

— 

Cr+++ 

37 6 

— 

— 

— 

Fe+++ 

244 

— 

— 

— 

Ba++ 

— 

84 

— 

— 

Pb-H- 

— 

19 0 

— 

— 

UO,++ 

— 

16 9 

— 

— 

La+^ 

— 

— 

58 

— 

Zr++++ 

T 1 ++++ 

— 



53 

98 

z 

Ce-H-+ 

— 

— 

10 6 

40 

C8+ 

— 



— 

T1+ 

— 

— 

— 

29 

Sn++ 

— 

— 

— 

6 8 


With all these metals the activity was found only 
if Mg++ was present at the same time (Table 4) 
A partial exception to this rale was found m Cr+'*"*‘» 
wluch at relatively high concentrations (of the order 
of 10~* m) showed some activity m the absence of 
Mg++ (see bottom of Table 4) This pomt will be 
considered m rather more detail later 

Tlie relationslnp between the concentration of 
the mdividual metals and the degree of activity 
produced m the presence of Mg++ and HDP showed 
m every case (except that of Gr+++) a fairly sharp 
optimum Although each smgle enzyme preparation 
gave a smooth and reproducible relationship between 
activity and concentration of cation, different pro 
parations gave shghtly different curves, so it is 
impossible to be very precise about the afiSmties of 
the enzyme for the metals Tliese pomts are illus 
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Table 4 The ittdtspensabiMy of Mg++ 

(Ee..t.,. ..a aonifo.. ot BDF (0 0003m) present to»gho„t, »Ig«, 0 003., ) 

Glucose 1 -phosphate converted in 15 mm 
(mg P/100 ml ) 


‘Second metal’ 

A1+++ 

A1+++ 

Be++ 

UO,++ 

UO,++ 

Pb++ 

Pe+++ 

Ce+++ 

Cr+++ 

Cr+++ 

CI+++ 

Cr+++ 

Cr+++ 


Concentration of 
‘second metal’ 
(M X 10'') 

60 

40 

23 

67 

20 

60 

67 

40 

4 

2 

12 

46 


alone 

1 1 

07 

08 
00 
16 
00 
08 
00 
00 
16 
06 
08 


‘Second metal’ 
alone 

31 
04 
00 
00 
1 1 
04 
00 
00 
00 
20 
00 
90 


Both together 

27 7 
23 4 
98 
96 
96 
201 
12 7 
16 8 
248 
201 
19 7 
26 9 




tratedm the case ofAi+++m Fig 3 , the other metals a smgle phosphoglucomutase preparation, might 
(except Cr+++) gave curves of similar shape, whose show greater activity if tests were earned out on 
characteristics are shown numerically m Table 6 a wider scale 



Fig 3 The relationship botneen concentration of A1+++ 
and nctnitj of phosphoglucomutase HDP (0 0003m) 
and Mg'*"*' (0 003 'll) present throughout 



Fig 4 The relationship between concentration of Cr+++ 
and activity of phosphoglucomutase Circles m the 
presence of HDP (0 0003 ii) and Mg++ (0 003m), crosses 
m the presence of HDP (0 0003 ii) only 


The maximal nctii iti reached with A1+++ -f Mg'*"*', 
Cr'*-*-*--pMg+", and Pb+'t'-f Mg+'*-, each at their 
optimal concentrations, was the same With Fe'*"*"*', 
Fo'''+, and Ce-^+'‘ the maximal actmtj’- m the 
presence of was onh shghth lower, hemg 

from 70 to 00 of that with Al'‘+'‘--pMg++ The 
other molnk ga\ e results uluch \ aned mdely from 
one iihosphoglucomutnso preparation to another 
(Table 5) In ^ lev of tins ^ armbilitv it must be 
admittetl that some of the metals, vhich m Table 3 
showed a small actmt\ (eg Ba++, La+'*-+, 
and Sn-*--*) and winch were there tested onh mth 
Biochcni lOfC, 44 


Cliroimum behaved exceptionally m several ways 
In tlie presence of Mg-*"*-, full actmt3'' equal to that 
with Al+'*"*'-f Jlg-*"*^ was foimd over the whole range 
of Cr'*^+ concentrations from 10~® to 2 x 10~^ ii, and 
half the maximura was reached at 5 x10~®m 
(F ig 4) Tlus high affimtj' of the enzifTne for 
distmgiushes this element from Al+'i"*- and all the 
other metals A second pomt of difference w as that 
Cr'*"*"*- showed a considerable degree of actmty m 
the absence of This activity was only some 

75 % of that obsen ed when Mg-H- rvas present too, 
and was foimd onlj'" at the higher part of the range 

13 
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Metal 

A1+++ 

Cr+++ 

Pb++ 

Fe-H-H 

Fe++ 

Ce+++ 

Ti++++ 


U0,++ 


Be++ 


L H STICKLANP 

Table 6 The relationelnps between the concentrations of various metals and the 
phosphoglucomutase activity produced by them in the presence of Mg++ + H’DP 

Concentration 


Salt used 

Relative activity 
(Al+++ = 100 ) 

givmg half the 
maximal aotmty 

(M) 

Optimal 

eonoentration 

(si) 

KAl(SOi)j 12 Hs ,0 

100 

6 X 10 -® 

6x10-4 

KCr(SOi)j 12HjO 

100 

6 X 10 “® 

10 -® to 2 X 10 -® 

Pb(OOC CH 3 ), 

100 

3 X 10-® 

4x10-4 

KTe(SOi)j 12H,0 

70-80 

1 xlO-^ 

4 X 10-4 

Fe(N03)3 9H,0 
Fe(NH 4 ) 2 (SO<). 6 H 3 O 

70 

6 x 10 -® 

4x10-4 

063 ( 804)3 

80-90 

6 X 10 -® 

3x10-4 

11 ( 804)3 

30-80 

4 X 10-® 

3x10-4 

U 03 (N 03)3 6 H 3 O 

(6 enzyme samples) 

0 

(1 enzyme sample) 
36-80 

4x10-4 

3x10-4 

BeClj 4 H 3 O 

(6 enzyme samples) 

0 

(2 enzyme samples) 
16-70 

1 X 10-4 

6x10-4 


of concentrationB of Cr+++ Tliere was consequently 
an appreciable range of Cr+++ concentrations over 
which no activity was seen unless both metals were 
present together (from 10“® to 4 x 10“® u) The 
activity with Cr+++ alone showed a sharp maximum 
at 3 X 10~^M, half tins maximum bemg reached at 
about 8 X 10~® M 

Manganese and cobalt Con et al (1938) showed 
that the activity of pbosphoglucomutase is mcreased 
by Mg++, Mn++ and Co++, the degree of activity 
produced bemg roughly the same for aU tluee, and 
the concentration requued for full activation bemg 
greater for Mg++ than for the other two They also 
observed that at lower enzyme concentrations the 
efficacy of Mg++ became less than that of ]Mn++ or 
Co++ However, at the stiU lower enzyme concen 
trations necessitated by the greater activity of the 
systems dealt with m the present work, the activity 
with Mg++ was neghgibly small, or zero (see Tables 4 
and 6—8) Under the same conditions the activity 
with Mn++ added alone was considerably greater 
than that with Mg++ alone, but still small compared 
with that given by Mg++ + Cr+++ + HDP Tlie ratio 

Activity with Mg++ + Cr+++ + HDP 
Activity with Mn++ 

for eight different enzyme preparations is shown m 
Table 6, it varied from 6 to 12, with an average of 
7 5 Co++, used alone, showed about the same 

activity as Mn++ (Table 8) 

In an earher section it was stated that neither 
Mn++ nor Co++ could replace Mg++ m the complete 
system (Table 2) In the experiments to which that 
table refers, these metals were tested at concen- 
trations of 0 002 and 0 0002 m The difference m 
beha\nour was so curious that it seemed advisable 
to test these two metals more thoroughly, and m 
particular at the optimal concentrations already 


established by Con et al (1938) Tlie results appear 
m Tables 6-8 It is plam that {a) neither Mh++ nor 
Co++ can act m the same way as Mg++ m supple 
mentmg the action of Cr+++-f HUP, and (&) they 
will not supplement the action of any of the other 
metals which, m co operation with Mg+++ HUP, 
can produce full activity of the enzyme In fact, 
many of the metals which, when present witli 
Mg++, stimulate the enzyme, had an inhibitory 
effect on that activity which is produced by Mn++ 
alone Another pomt of mterest is that the effect 
of Mn++ IB mdependent of the presence of HDP 
(see Table 9) 

The effect of pH The need for three activating 
components was observed equally at aU pH values 
at which the enzyme was active (Table 10) These 
results were obtamed with the use of a mixed phos 
phate (0 006 m) and veronal (0 006m) buffer Veronal 
at high concentrations inhibited the enzyme (60% 
mliibition at 0 0126 m), but at 0 006 m the mhibi 
tion was only c 10 %, and as the veronal was 
present m all the reaction mixtures the mliibition 
can be ignored Borate is less smtable for buffenng 
pbosphoglucomutase, as it also inhibits it completely 
and at a rather lower concentration (60% uiliibi 
tion at 0 007 m) The substrate also contributes 
largely to the buffermg of the reaction mixtures 
used m these experiments, so the appropriate 
mixtures of glucose 1 phosphate, phosphate and 
veronal were made up, and their pH’s adjusted to 
the required values by a colorimetric method, before 
they were measured out mto the tubes m which the 
reaction was to take place Tlie fact tliat no dif 
ference m behaiuour was noted obviated the need 
to make more precise measurements of the pH 
values The enzjme preparation (at pH 7 6) was 
used at such great dilution that its addition had no 
effect on the pH of the rmxtures 
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Table 6 The failure of j\Iq++ to replace Mg++ in the system Mg++ + Cr+++ + jffjDP 

(Reaction mixture and conditions of experiment as given m the texrt Ckmcentrations EBP, 0 0003m (present through 
out), Mg++, 0 003m, SIn++, 0 00126m, Cr+++, 0 00002 or 0 00004m ) 


Glucose 1-phosphate converted in 16 nun (mg P/100 ml ) m the presence of ff activities 


Mg++ 

j\In++ 

A 

Cirt++ 

Cr++i -(-Mg++ 

Cr+++ -l-Mn++ 

or' ‘ ‘ 

Mn-H- 

1 0 

14 

00 

17 2 

19 

12 3 

00 

63 

36 

32 0 

64 

60 

1 2 

46 

13 

22 9 

24 

60 

00 

20 

06 

13 1 

26 

66 

00 

1 9 

— 

20 7 

— 

10 9 

1 3 

44 

— 

22 6 

— 

6 6 

28 

33 

— 

27 0 

— 

82 

1 6 

' 67 

38 

31 2 

— 

66 


Table 7 The failure of IMn++ to replace Mg++ in the system lAg++ -{-nDP + other metals 

(Reaction mixtures and conditions of expenment as described in the text Concentrations EBP, 0 0003 m (present 
throughout), Mg++, 0 003 m, Mn++, 0 00126m, A1+++, 0 0004m, Pb++, 0 0006 m, Pe+++, 0 00033m, U0,++, 0 00067m 
Ce+^, 0 0004m ) 

Glucose 1 phosphate converted m 16 mm (mg P/100 ml ) m the presence of 

Second metal , — 

' ^ 


(^) 

Jlg-H- 

Mn++ 

X 

Mg++-f X 

Mh.++ + X 

A1+++ 

08 

33 

23 

23 2 

1 3 

A1+++ 

1 2 

46 

46 

18 8 

0 7 

Al-'-++ 

00 

20 

00 

12 8 

1 6 

Fe-H-+ 

08 

33 

00 

12 7 

2 5 

Fe+++ 

00 

20 

14 

10 1 

1 6 

Pb++ 

00 

23 

04 

10 1 

0 0 

UOj++ 

00 

23 

00 

9 6 

0 0 

Ce+++ 

00 

23 

00 

16 8 

1 6 


Table 8 -The failure of Co++ to replace Mg++ in the system + HDP + various metals 


(Reaction mixture and conditions of expenment as before 
0 00002 or 0 00004m, A1^, 0 0004m, Fe^-H-, 0 00033m, 
0 0017m ) 


Concentrations EBP, 0 0003m (present throughout), 
Pb-H-, 0 0006m, Ce+++, 0 0004m, Mg++, 0 003m, Co-h-, 


Second metal 

Glucose 1 phosphate converted m 16 mm 

(mg P/100 ml ) m the presence of 

[^) 

Cr+++ 

Cr+++ 

A1+++ 

A1-H-+ 

Fe+++ 

Pb++ 

Ce+++ 

]Mg++ 

1 2 

00 

1 2 

00 

00 

1 2 

12 

Co++ 

6 7 

1 9 

67 

1 9 

1 9 

66 

66 

X 

1 3 
06 
46 
00 

1 4 
04 
00 

Mg+++X 

22 9 

13 1 

18 8 

12 8 

10 1 

23 0 

23 6 

Co++ + X 

7 1 

26 

1 3 

1 1 

03 

67 

46 


Table 0 The absence of any effect of HDP on the 
actiiity of phosphoglucomutase activated by ]Mn++ 
alone 


(Reaction mixture and conditions of expenment as 
before Concentrations Mn++, o 00126m, FDP, 0 0003m ) 


Glucose I phosphate converted m 16 mm 
(mg P/lOOml) 

//DP absent 17Z)P present 


24 0 
12 0 
00 
3 1 


24 4 

no 

C5 

20 


uumion oj tne enzyme 

Smee the activity of phosphoglucomutase xvith 
Mg++, &+++ and HDP is some ten tunes that 
preiuously observed xvith Mg++ or ]Mn++, it is clear 
that m order to measure this activity either the 
tune scale of the expemnents must he shortened or 
the enzyme concentration must he reduced In the 
present work the method chosen was that of 
decreasing the enzyme concentration, keepmg the 
time scale constant e 

the proper enzyme 
ncentration, a large number of routme tests have 
toa earned out serial twofold dilutions of 

the enzyme, and the results of these show some 
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featLires of interest Fig 6 gives a diagrammatic 
siimraajy of many such experiments At the highest 
concentrations no activator was needed, with 
decreasmg concentrations this activity rapidly fell 
off (Fig 5, curve A), but full activity could still be 
achieved by addition of Mg++ or Mn++ With a small 


Table 10 T/ie ^nd^spe7lsab^l^ty of two metals 
at various pH values 


(The preparation of the reaction mixtures and the con 
ditions of experiment are described m the text Conoentra 
tions EDP, 0 0003 m (present throughout), Cr++''', 
0 00002m, Mg++, 0 003m ) 

Glucose 1 phosphate 
converted m 16 min 


Cr+++ alone 
Mg++ alone 
Ci^+ +Mg++ 


(mg P/lOO ml ) 

, ^ , 

pH 7 6 pH 8 0 pH 8 6 

12 28 14 

1 9 28 09 

27 2 26 7 18 7 


further dilution of the enzyme, the Mg++ activation 
rapidly disappeared (curve B), while the activation 
with hln++ feu off more slowly (curve G) At a pomt 
where the activity with Mg++ had vanished, and 
that with Mn++ had become very smaU, full activity 
could stiU be produced by the addition of Cr+++ 
and Mg++ EventuaUy this activity also abruptly 
disappeared with further dilution (curve D) 



Fig 5 Diagrammatio representation of the efiFeot of 
dilution of phosphoglucomutase on its activity m the 
presence of various activators Curve A, no activator, 
curve B, Mg++, curve C, Mn++, curve D, Mg++ + Cr+++ 
EDP (0 0003m) present throughout 

A curious pomt is that the velocity of reaction 
was proportional to the enzyme concentration only 
m the experiments where ]\In++ was the sole acti- 
vator (Fig 5, curve C , see also Table 9, where the 
four results were obtamed with successive twofold 
dilutions of the enzyme) That the reaction velocity 
should dimuush more rapidly than the enzyme con 
centration might be expected m experiments with 
no added activator, or m those with Mg++ added 


alone (curves A and B), but m fact precisely the 
same relationship was observed when the enzyme 
was fully activated with Mg++ and Cr+++ (curvm D) 
Owmg chiefly to variable losses m activity during 
the heat treatment m the purification of the enzyme, 
the absolute volume of enzyme required varied 
considerably from one preparation to another On 
the other hand, the relative volumes required for 
measurmg the activity in the presence of different 
combmations of actmators were fairly constant The 
scale of enzyme concentrations shown m Fig 5 is 
the rough average of those found with a large 
number of phosphoglucomutase preparations, m 
wluch the final volume of the enzyme solution was 
one fifth of that of the origmal muscle extract 
TAe absolute aciimty of phosphogluconvutase pre 
parations Schlamowit & Greenberg (1948) say 
that the method of Colowick & Sutherland (1942) 
gives activities of phosphoglucomutase up to 
3300 umts/mg of protem, these activities bemg 
measured m the presence of 0 00126 m Mii++ 
Similar measurements on four samples of phospho 
gliicomutase m the presence of optimal concen 
trations of Mg++, Cr+++, and HDP gave vmlues of 
20,000, 37,000, 26,000 and 11,000 umts/mg dry 
weight, figures wluch confirm the value for the 
ratio 

Activity with Mg++ -f Cr+++ 4- HDP 
Activity with Mn++ 
shown m Table 6 


DISCUSSION 

Tlie chief facts presented m this commumcation do 
not call for further discussion at the moment It 
might, however, be profitable to mquire mto the 
possible physiological imphcations Prevnously the 
most active form of phosphoglucomutase had been 
that obtamed by the addition of Co++, Mn++ or 
Mg++ The concentrations of Co++ or Mn++ required 
were enormously m excess of those which could 
occur m animal tissues, so Mg++ was accepted ns 
the only physiological activator The present 
results show that, at a great dilution of the enzjnme, 
Mg++, either alone or m co operation with HDP , 
imparts no activity to the enzyme, and that another 
metal is required m addition This phenomenon is 
capable of more than one mterpretation, but as 
summg for the moment that the activmtion by two 
metals is of importance in vtvo, then only 
appears to be worth considermg as an actual physio 
logical component of the system, because of the 
higher concentrations required with all the others 
C!r+++ shows maximal activity at a concentration of 
10-6 ji, or 60 fig /lOO g At remains to be seen whether 
a concentration of this order is to be foimd ui 
animal tissues, the onl} report w the literature is 
that of Dutoit & Zbmden (1930), who by spcctro 
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graphic analysis detected traces of Cr+++ in all 
organs, Avith most m thjTOid and spleen 

The relationship between the activation by Mn.’*”*' 
and that by Mg++ + Cr+++ + JTDP is curious The 
vaiiabihty m the ratio of these two activities (see 
Table 6) at first mdicated that two different enzymes 
might be concerned, but the absence of any marked 
change m the ratio durmg the purification of the 
enzjrme, and the variability m some othei pro- 
perties of the enzjTne between one preparation and 
the next, suggest that tins is not so Further work 
on the mterrelations betveen the activations by 
various metals and combmations is proceedmg 

SUMMARY 

1 The greatest activity of phosphoglucomutase 
is found to occur only m the simultaneous presence 


197 

of tliroe activators, lioxosediphosphato, and 

a second metal 

2 The second metal may bo A1+++, Cr+++, 
Pb++, Fe+++, or Co+++, some other metals also 
show smaller activity 

3 In this system jMg++ cannot be replaced by 
Mn++ or Co++ The maximal activity is some ten 
times that previously observed with I\In++ as the 
only activator 

4 Of all the ‘ second metals ’ studied, only Cr +++ 
shows any activity m the absence of Mg++, and 
that only at relatively high concentrations 

6 Consideration of affinities suggests that if 
tins ‘two metal’ activation has any physiological 
importance, then Cr+++ and Mg'^+ are the metals 
concerned 


ACTIVATION OF PHOSPHOGLUCOMUTASE BY IONS 
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The Effect of the Peroxide Concentration and other Factors 
on the Decomposition of Hydrogen Peroxide by Catalase 

By P GEORGE,* Molteno Institute, XJniveisity of Cambridge 
{Received 6 May 1948) 


When catalase is added to hydrogen peroxide there 
IS an mitial rapid evolution of oxygen which lasts 
for about 2 min After tins oxygen is given off at 
a steady rate which slowly decreases m the course 
of about an hour Tins is not necessarily due to a 
decrease m the peroxide concentration, smee it is 
qmte marked m experiments where there is a large 
excess of peroxide (Morguhs, Beber & Rabkm, 1926 , 
George, 1947) The first problem m studymg the 
kmetics of the reaction is to determme to what 
extent destruction of the enzyme is responsible for 
these changes m the rate as the reaction proceeds 
The results of some of the early mvestigations are 
difficult to mterpret because only the total amount 
of oxygen evolved from a given amount of catalase 
and peroxide is recorded, so that the mitial rapid 
• Present address Department of Physical and Inorgamc 
Chemistry, The Umversity, Leeds 2 


reaction and the steady evolution cannot be dis 
tmguished Provided the catalase is not present m 
excess the mitial rapid reaction represents a small 
proportion of the total reaction possible, and Eis this 
condition obtamed m most of the early mvestiga 
tions the results refer mainly to the subsequent 
steady rate This is found to be directly proper 
tional to the enzyme concentration, whereas the 
variation with peroxide concentration is more com 
pheated Above an optimum concentration as the 
peroxide is mcreased the reaction proceeds more 
slowly (Evans, 1907, Morguhs et aZ 1926) 

There is no doubt that the gradual decrease m 
the rate, after the mitial rapid reaction is over, is 
due to enzyme destruction, and several kmetic 
equations have been developed to account for it m 
the papers of Yamasaki (1920), Morguhs (1921), 
Northrop (1924-6) and Wilhams (1927-8) There 
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remain two problems Enzyme destruction may be 
one factor determmmg the variation of the steady 
rate with peroiade concentration Partial enz 5 rme 
destruction may be responsible for the transition 
from the mitial rapid rate to the slower steady 
rate — ^the transition from a- to j5-activity which 
was exammed m a previous paper (George, 1947) 

Experiments have been carried out to estabhsh 
the variation of the reaction rate with enzyme and 
peroxide concentration by measurmg the rates m 
the early stages of the reaction for different mitial 
concentrations With this method it is possible to 
detemime the true kmetics of the HjOj decom- 
position unaffected by the slow destruction of the 
enzyme, which makes the kmetic analysis of HjOj 
concentration changes durmg a prolonged experi- 
ment extremely difficult In the second part of the 
paper experiments are described which show that 
enzyme destruction is not responsible for either the 
kmetics of the steady reaction or the transition from 
a- to )3 actnuty 

EXPERIMENTAL 
Materials and methods 

Enzyme preparations A purified preparation of hver 
catalase (CL 1) was obtained from horse hver by the method 
desonbed by Kedin Hartree (1945) Erythrocyte catalase 
was prepared from 2 1 firesh defibrmated horse blood, the 
red corpuscles bemg washed and plasmolyzed, and the 
haemoglobm removed by the Tsuchihashi method as de 
sonbed by Keihn & Mann (1940) m then preparation of 
carbonic anhydrase Catalase was extracted from the re 
sultmg clear yellowish flmd by the process used for hver 
catalase, ne adsoi^tion on calcium triphosphate gel 
followed by elution and fractional precipitation with 
(NH^ljSOi, this was done twice, NH^OH bemg used for the 
first elution and Na^HPO^ for the second Two specimens of 
erythrocyte catalase, CEl and CE2 were obtamed, CEl 
was the purer sample, CE2 bemg extracted from the 
residues of the second adsorption These specimens of 
catalase were analyzed for Fe, determmed colonmetncally 
with 2 2' dipyndyl, and for haemm, determmed spectro 
Bcopically as pyndme haemoohromogen (Kedm & Hartree, 
1936), and compare favourably as regards purity with those 
used by Keihn & Hartree (1936) (Table 1) The low values 
for haemm are probably due to partial removal of the 
prosthetic group from the enzyme m the final stages of the 

Table 1 Analysis of catalase specimens 
(CLl hver catalase, CEl and CE2 erythrocyte catalase ) 


Specimens 


Analyses 

'cLl 

CEl 

CE 2 ' 

Dry weight (mg /ml ) 

34 1 

52 

54 

Haemm (% on dry wt ) 

0 61 

0 47 

0 60 

Total iron (% on drv irt,) 

0 14 

Oil 

0 09 

Haemm iron (as % of total 

31 

41 

48 


iron) 


Keihn Hartree (1936) found for three specimens 0 52, 
0 55 and 0 37 % haemm by weight 
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purification Two other specimens of hver catalase, CL2 
and CL 3, kmdly provided by Dr E F Hartree, have also 
been used Ddute catalase solutions were made each day 
from the stenie stock solutions (see Table 1), and stored m 
ice and water m a thermos flask Some dilutions were made 
m 0 02% gelatm which had no effect on the rate of the 
reaction, but reduced mactivation of the enzyme durmg 
storage 

A plasmolyzed red cell preparation used m later expen 
ments was made by takmg 1 0 ml of a red cell suspension 
from defibrmated horse blood, which had been washed 
twice with 0 9 % NaCl and spun down, and dilutmg to 
260 ml with diddled water 

Procedure The 0, evolution was measured as previously 
descnbed m Barcroft manometers at 20° and m the pressure 
gauge apparatus at 0° and 19 3-19 6° usmg the ‘boat 
teoimique’ of Meldrum & Houghton (1934) and George 
(1947) For the experiments m which ddute buffer solution 
was added to the reaction mixture durmg a run, flasks with 
a side tube of 1 6 ml capacity were used In the experiments 
where HjOj was added durmg a run, two danghng tubes 
were used, the first with a short platmum hook contamed 
ddute catalase solution and the second with a long platmum 
hook contamed the required amoimt of ‘ 100 vol ’ HjOj 
Control experiments with no catalase present showed the 
blank reaction to be negligible m the concentration range 
0-1 Om-HjOj where ‘20 vol ’ HjOj was used For the range 
1 0-6 Om HjOj, ‘100 vol ’ H 2 O 2 was used, the contnbubon 
of the blank bemg determmed at each concentration, and 
subtracted from the experimental vedue Before use the 
‘100 vol ’ HjOj was brought to about pH 6 0 by addmg a 
few drops of NaOH, bromocresol purple bemg used as 
mdicator In the majonty of the experiments A R HjO 
was employed, but m one senes a freshly prepared sample 
was used 

In all the experiments the total volume of Oj evolved was 
veiy small compared with the HjOj concentration which 
can be assumed to remam constant throughout each expen 
ment Protocols for the two methods of measurmg gas 
evolution m experiments m which the peroxide concentra 
tion was vaned are given below Barcroft manometers left- 
hand flask, 3 30 ml HjO, nght-hand flask, 0 30 ml 
0 126 m phosphate buffer, pH 6 85, 0 10 ml 2% gelatin 
solution, 0 10 ml ddute catalase solution m danghng tube, 
HjO and HjOj to 3 30 ml to give required molanty 

Boats Side ‘a’ 10 ml HjO,0 5 ml ddute catalase solution, 

0 6 ml 0 2m buffer solution, side ‘6’ 2 0 ml HjO and 

HjO, to give required molanty 

Buffers To determme the effect of different buffer solu 
tions of the same pH, Sorensen’s citrate buffer and Clark 
& Lubs’s phthalate buffer were used as well as Sorensen s 
phosphate buffer The solutions were prepared as descnbed 
by Clark ( 1 926) , the pH values, determmed eleotrometncally. 
were 6 86, 6 84 and 6 86 at 20° respectively, the apparatus 
havmg been standardized with 0 06 m potassium hydrogen 
phthalate solution, pH = 3 97 at 20° 

RESULTS 

Variation of the oxygen evolution rate with 
enzyme concentrations 

Bancroft manometers and the catalase specimen 
CL 2 -were used at 20°, the peroxide concentration 
bemg kept at a constant value and the enzyme con 


I 


199 


DECOMPOSITION OF HYDBOGEN PEBOXEDE 


Vol 44 

centration varied For 0 01, 0 03 and 0 6 M-Hg02 a 
dilute catalase solution was employed and between 
0 02 and 0 30 ml placed m the danghng tube, for 

Table 2 Variation of the oxygen evolution rate 
With enzyme concentration 

(Barcroffc manometers at 20°, catalase CL2 and 0 3 ml 
0 126 m phosphate buffer (pH 6 86) present m each expen 
ment 10 Enzyme rmits (e u ) equivalent to 1 84 x 10~* mg 
CL2) 


H.Os 

(M) 

E u 

Rate at tunes 
after start 
(fj Oj/mm ) 

Rate/e 

0 01 

5 

0-1 min 

20 

40 


10 

42 

42 


15 

58 

39 


20 

73 

37 


25 

90 

36 


30 

111 

3 7 

0 03 

2 

2-3 min 

14 

70 


4 

31 

7 7 


6 

43 

7 2 


8 

66 

70 


10 

68 

68 

05 

5 

2-3 mm 

21 

43 


10 

42 

42 


15 

64 

43 


20 

32 

41 


25 

109 

44 

48 

10 

2-3 mm 

7 6 

0 76 


30 

19 0 

0 63 


60 

29 

0 68 


70 

42 

0 60 


90 

58 

0 64 


4 8 m-HjOo a solution 10 tunes as concentrated was 
used The results are given m Table 2, and show that 
for each peroxide concentration the rate is directly 
proportional to the catalase concentration 



Fig 1 Vanation of the 0. evolution rate, between the 
second and third minute from the start of the reaction, 
noth the peroxide concentration Measured with Barcroft 
differential manometers at 20° m the presence of 0 3 ml 
0 126m phosphate buffer, pH 6 86, O — O, with liver 
catalase specimen CLl, 184x10“* mg, f) — O, with 
erythrocyte catalase specimen CEl, 1 60 x 10”* mg 

Variation of the oxygen-evolution rate by liver or 
erythrQcyte catalase vnth peroxide concentration 

Barcroft manometers were used at 20°, the enzyme 
concentration bemg kept constant and the rate of Oj 
evolution with different mitial concentrations of 
peroxide determmed The Oo evolved was measured 
for 10 mm at 0 6 and 1 mm intervals, and from the 
figures obtamed the rate over any given mterval 
could be calculated Fig 1 shows the rates for liver 


Table 3 Vanation of the oxygen-evolution rate vnth pel oxide concentration 


(Barcroft differential manometers at 20°, 1 84 x 10“* mg catalase 0L2 and 0 3 ml 0 125m phosphate buffer (pH 5 85) 
present m each experiment ) 


(M) 

0 01 
0 02 
0 03 
004 
0 05 
0 06 
0 07 
0 08 
010 
0 15 
0 20 
0 30 
0 50 

0 70 

1 00 
2 00 

3 40 

4 80 


Rate at different tunes after beginning of reaction (/J Oj/nun ) 


0-0 6 mm 

0 5-1 mm 

1-2 mm 

2-3 mm 

4-5 nun 

38 

44 

38 

30 

21 

62 

96 

68 

61 

37 

108 

134 

81 

68 

48 

124 

144 

94 

71 

60 

174 

160 

108 

80 

61 

186 

178 

113 

83* 

63 

214 

222 

119 * 

83* 

66* 

244 

262* 

119* 

82 

64 

234 

188 

98 

73 

61 

210 

166 

84 

68 

58 

252 

130 

70 

69 

61 

264 

102 

69 

62 

47 

274* 

71 

47 

42 

37 

226 

66 

36 

33 

30 

180 

62 

34 

29 

27 

100 

26 

15 5 

13 5 

13 6 

66 

21 

96 

86 

7 6 

54 

14 

76 

76 

76 


* Indicates maximum rate 
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catalase CLl and erythrocyte catalase CLl over 
the range 0—1 m-HjOj, between the second and 
tlurd minute from the start of the reaction, at winch 
tune most of the mitial ‘burst’ is over (George, 
1947) There is a very marked maximum m the rate 
at about 0 06 m HoOg, and the catalase specimens 
from the two different sources give identical curves 
The inhibition of the reaction at high con- 

centrations IS very marked, for with 1 0, 2 0 and 
4 0 M-HjOa the rate is 32, 21 and 8 % respectively 
of the maximum rate at 0 06 m-HjOj 

No attempt has been made to compare the 
activities of the enzyme preparations on the basis 
of then haemm content Cataleise is an extremely 
active enzyme and the presence of about 1 x 10“® g 
of mactive protem, and 1 x 10“® g heiemm or haemm 
degradation products is very unhkely to affect the 
rate of the reaction For the kin etic analysis it is 
sufficient to show that with identical rates for the 
two specimens at, for instance, 1 0 m-HjOj , the same 
variation with H 2 O 2 concentration is shown by each 
Similar results with hver cataleise CL 2 at 20'’ are 
shown m Table 3 which shows the mitial rapid evo 
lution of O 2 followed by a lower steady rate which 
was discussed m a previous paper (George, 1947) 
The maximum mitial rate, eis given by the O 2 
evolved durmg the first half mmute of the reaction, 
occurs at a high peroxide concentration between 
0 3 and 0 7 m H 2 O 2 , whereas the maximum steady 
rate, measured by the O 2 evolved between the fourtli 
and fifth mm ute from the start of the reaction, 
occurs at a much lower peroxide concentration^ — 
about 0 06-0 08 M-H 2 O 2 The mitial rates will be 
exammed more fully m a later paper 

Va'nat^on of the oxygen-evolniion rate xmth peroxide 
or enzyme concentration using plasmolyzed cells 
To mvestigate the effect of impurities on the 
kmetics of the reaction, comparative experiments 
were carried out m the pressure gauge apparatus at 
0° with erythrocyte catalase CE2 (1 73 x 10“® mg ) 
and a suspension of plasmolyzed red blood cells 
(1/260 dilution, 0 2 ml ) ' 

Fig 2 shows that the same type of curve is given 
by the crude and the purified enzyme, and that the 
mH.-nTmTm occuTS at the Same H 2 O 2 concentration 
Table 4 shows that the rate is directly proportional 
to the concentration of lyzed cells Smce identical 
results are obtamed with the purified enzyme extract 
and plasmolyzed red blood cells, the kmetics of the 
enzyme reaction are not affected by chance 
impurities m the enzyme preparation 

Effect of different samples of hydrogen peroxide 
on the oxygen evolution rate 
Tlie mhibition of the reaction observed at high 
peroxide concentrations might be due to an inhi- 
bitory substance present m the specimen of HjOj 
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Fig 2 A comparison of the variation of the Oj evolution 
rate with peroxide concentration for a dilute suspension 
of lyzed red blood cells (curve A) and the purified 
erythrocyte catalase specimen CE2 (curve B) Measure 
ments of the rate m yl Oj/mm made between 10 and 
40 sec from the start of the reaction with the pressure 
gauge apparatus at 0°, 0 5 ml 0 2 m phosphate buffer 
(pH 6 85) , 1 73 X 10-’ mg catalase (CE 2) or 0 2 ml 1/250 
dilution lyzed oeUs present 

Table 4 Vanatioyi of the oxygen evolution rate with 
the concentration of plasmolyzed red blood celts 

(Pressure gauge apparatus at 0° m the presence of 0 6 ml 
0 2m phosphate buffer, pH 6 86 Lyzed ceU concentration 
(LC)mnil 1/260 dilution Rate measured between 10 and 
40 sec from the start of the reaction ) 


HjOj 

LC 

Rate 

Rate/ml 

(M) 

(ml ) 

(yl Oi/mm ) 

enzyme 

02 

0 05 

90 

1800 

0 10 

180 

1800 


0 16 

295 

1980 


0 20 

400 

2000 

1 0 

0 1 

85 

860 

02 

200 

1000 


03 

306 

1020 


04 

405 

1010 

60 

02 

40 

200 

0 4 

120 

300 


0 6 

180 

300 


08 

210 

202 
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used A sample of HjOa was, therefore, prepared m 
the laboratorj’’ from NuaOa and HjSO^ and purified 
by vacuum distillation (Kolpatnck, Reiff & Rice, 
1926) Neither the standard sample nor the fresh 
sample showed any fluorescence when illummatied 
with strong ultra\uolet hght Liver catalase CL 2 
was used for the determmatious which were carried 
out m Barcroft manometers at 20° Table 6 shows 

Table 6 Comparison of the oxygen evolved from the 
standard peroxide and freshly prepared jiei oxide 

(Barcroft manometers at 20°, 1 84 x 10"* mg catalase 
CL 2 and 0 3 mL 0 126 m; phosphate buffer (pH 6 86) present 
m each experiment The average of five separate determine 
tions given for each sample ) 

Oj evolved (yl /mm ) 


H 202 

Tune after 
start 

A 

f 

Standard 

Presh 

(M) 

(mm ) 

HjO. 

H.Oj 

05 

1-2 

30 8 

31 6 


2-3 

29 8 

29 6 


4-5 

245 

240 

0 07 

1-2 

73 7 

73 0 


2-3 

62 5 

61 4 


4-6 

403 

39 6 


that there is a precise correspondence between the 
results for both specimens of H 2 O 2 , so the inhibition 
of the reaction at high H 2 O 2 concentrations is not 
due to £iny inhibitory substance present m the 
peroxide 

Ejfect of different buffer solutions of the same pH on 
the oxygen evolution rate by catalase 

Amons are known to inhibit the decomposition of 
HjOj by catalase owmg to competition for the ferric 
iron of the haemm between OHT imd the other 


amons (Agner & Theorell, 194G), which is more 
marked the greater the H+ ion concentration It 
was desirable to find out whether the mhibition 
observed at high H 2 O 2 concentrations arises from 
a complex reaction mvolvmg the constituents of the 
buffer solution Experiments were made usmg the 
pressure-gauge apparatus at 19 3—19 5° with liver 
catalase CL 3 to compare the effect of phosphate, 
citrate andphthalate buffers of pH values 6 86, 6 86 
and 6 84 respectively, at concentrations between 

0 006 and 0 1 M The results are given m Table 0 
for two concentrations of substrate (0 1 and 

1 0 m-HjOo) The results show clearly that at 
pH 6 84-6 86 the rates are the same at 1 0 M-HjOn 
and mdependent of the nature and concentration of 
the buffer solution used At 0 1 m H 2 O 2 there may 
be a sbght mhibition with the phtlialate buffer, but 
the variation m the figures is of the same ordei as 
the experimental error With all these buffers the 
steady rate with 0 1 M-H 2 O 2 is between 2 0 and 2 4 
tunes as great as the steady rate with 1 0 m-HjO, 
as observed m the previous experiments, and tliere 
IS no systematic faU m the rate as the buffer con- 
centration IS mcreased This shows clearly that 
reactions of the amon or cation of the buffer solution 
do not play any part m d^termnung the lonetics of 
the peroxide decomposition, and are not responsible 
for the mlubition of the decomposition observed at 
high HjOj concentrations 

Reversibility of the inhibition of catalase by 
high peroxide concentrations 

The question whether destruction of enzyme 
accounts for the reaction kmetics can be settled by 
experiments m which water or peroxide is added 


Table 6 Comparison of the oxygen evolution rates with different buffers of the same pH 
(Pressure gauge apparatus at 19 3-19 6°, catalase CL 3, 7 3 x 10"* mg ) 


Buffer 


Type pH 

Phosphate 6 86 


Citrate 6 86 


Vol 

(0 2 m solution) 

0 1 
06 
1 0 
1 6 
20 
Av 


Rates {yl 0,/min ) at time after start of reaction 


OImH.Oj 

A 


10-60 sec 

2—4 mm 

960 

248 

966 

240 

995 

248 

990 

252 

1040 

236 

988 

246 


10m HjO, 
^ 


10-60 sec 

2—4 min 

199 

109 

199 

106 

208 
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during the reaction, for if complete reversibihty 
13 observed when the substrate concentration la 
brought to the optimum, then it is certam that 
enzyme destruction plays no part m deter mining 
tlie kinetics 

In the dilution experiments a buffer solution was 
added rather than water alone so that the lomc 
strength did not change, as an added safeguard 
that the observed effect is due only to the reaction 
between catalase and HjOj The exjieriments were 
made m Barcroft manometers at 20°, a total of 
1 5 ml being used m each flask the Oj evolution 
was followed for 4 5 or 5 mm , each experiment 
bemg done m tnphcate Catalase CL 3 was em- 
ployed, 0 1 ml (1 9 X 10"® mg ) bemg placed m the 
danghng tube the concentration after mixmg was 
about one fifth of that used m the previous experi- 
ments With the usual amount of catalase the 
amount of O2 evolved durmg the 6 min of this 
experiment rmght amount to one quarter of the 
total H2O2 present, giving a substrate concentration 
below the optimum which would tend to mask the 
mcrease m the rate which is bemg looked for 
Measurements of Oj evolution were carried out at 
0 01, 0 06, 0 36 and 1 46 m-HjOj, the appropriate 
blanks for the HjOj alone bemg subtracted from 
the observed values Two sets of experiments were 
made m which dilute buffer solution was added 
during the reaction, the flask with a side arm of 
capacity about 1 5 ml bemg used Typical protocols 
are given 

(a) Concentration change from 0 6 <o 0 06 m-HjOj 
L eft hand flask 1 5 ml HjO Right-hand flask* 
0 094 ml 1 92 N H3O2, 0 06 ml 0 2 M-phosphate 
buffer (pH 6 86), 0 10 ml dilute catalase solution m 
dangling tube , total = 0 26 ml 0 36 m-HjO* , side 
arm, 0 96 ml HjO, 0 30 ml 0 2 M-phosphate buffer 
(pH 6 86) , total 1 26 mi , after mixmg total 
volume = 1 50 ml 0 06 m HjOj With tins arrange- 
ment the evolution of Oj can first be determmed for 
0 25 ml of 0 36 M HjOj , and then, by aUowmg the 
dilute buffer solution to run mto the flask by 
'rotating the side eum, measurements can be con- 
tmued for 1 5 ml of 0 06 m-HjOj , any alteration m 
the rate is to be attributed only to the change m 
HjOg concentration This was checked by an experi 
ment where the HaOj concentration was kept 
constant (Fig 3, curve A), the O* evolution from 

0 25 ml of 0 36 M HjOj with 0 10 ml dilute catalase 
bemg the same as that from 1 60 ml of 0 36 m-HjOj 
with 0 10 ml dilute catalase, i e the same amoimt 
but one sixth the previous concentration Curve B 
gives the Oj evolution for 1 60 ml of 0 06 m-HjOj 
with 0 10 ml dilute catalase In experiments 
illustrated by curves C and D the reaction was 
started with 0 26 ml of 0 36 ii-HjOg and after 2 and 

1 mm respectively 1 25 ml of dilute buffer solution 
v ere odded accordmg to the protocol above , m both 
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cases the Oj evolution after dilution mcreases and 
follows the pomts on curve B, the appropnate cun e 
for the lower HjOg concentration The inhibition 
observed with 0 38 M-HjOa can, therefore, be 
reversed by dilution durmg the reaction, the re 
versibflity being quantitative to withm expert 
mental error The rates of Og evolution, pi Og/min , 
measured over the period 2—4 5 mm from curves A, 
B andC7 are 7 0, 10 6 and 10 4 respectively Curve J), 


t 



Time (min ) 

Fig 3 O2 evolution cun'es for 0 36 and 0 06m H,0j with 
1 9 X 10"® mg of oatalaae (CL 3) in each experiment 
Curve A 0 36mHiOj, 026 ml solution pomts 3, 
160 ml solution pomts O Curve B 0 06mHjOj, 
1 60 ml solution Curve C from 0 to 2 mm O 25 ml 
O 36 m HjOj, then 1 25 ml dilute buffer solution added 
from a Bide aim givmg 1 60 mi 0 06m HjOj Curve D 
as for curve G but addition of ddute buffer solution at 
the end of the first minute Measurements made with 
Barcroft differential manometers at 20° m phosphate 
buffer (pH 6 86), ooncentratiou in each expenipent 
0 024m 

dlustratmg the effect of dilution at the end of the 
first mmute of the reaction, will be discussed later 
when the possibihty of enzyme destruction as tlie 
cause of the decay of the imtial rapid reaction is 
exammed 

(b) Concentration change from 0 06 to 0 01 m-HjOj 
T he results m Table 3 show too that dilution from 

0 06 to 0 01 m-HjOj should cause a marked decrease 
in the rate This was tested m a similar way to the 
foregomg experiments, usmg 0 32 N HjO^ m place of 

1 92 m-HjOj The average results for these separate 




203 


Vol 44 DECOMPOSITION OF HYDROGEN PEROXIDE 


determinations of Oj evolution with each HjOj con- 
centration are given m Fig 4 Curves A and 13 
show the O 2 evolution for 1 60 ml of 0 01 m-HjOj 
and 0 25 ml of 0 06 M HjO^, the rate hemg greater 
at the higher HaOg concentration , curve 0 gives the 
O 2 evolution for the reaction startmg with 0 26 ml 
of 0 06 m-HjOj and addmg 1 26 ml of buffer solu- 
tion after 2 imn , and shows the expected decrease 
m the rate The rates of Oo evolution, measured 
over the period 2-4 6 mm from curves B, A and C 
are 10 4, 4 8 and 4 4 /d 02 /mm respectively 


concentration the rate can also be mcreased, for 
tins would confirm that the mhibition noted at Ingli 
H 2 O 2 concentrations is not caused by an irreversible 
oxidative degradation of the enzyme This can be 
tested m the concentration range 0 01-0 36 M-H 2 O 2 
the direct determmation of the rates at these two 
concentrations recorded m Table 3 shows about a 
twofold mcrease Fig 6 shows the average of tliree 
separate deterrmnations of O 2 evolution at each of 
these H 2 O 2 concentrations, curve A, 1 60 ml of 
0 01 M H 262 , and curve B, 1 60 ml of 0 36 m-H 202 
Curve C gives the O 2 evolution for the reaction 



024 

Time (min ) 


Fig 4 Oj evolution curves for 0 01 and 0 06m H 2 O 2 with 
1 9 X 10"° mg catalase (CL3) m each experiment Curve 
A 0 OlM HjOj, 1 60 ml solution Curve B 0 06m HgOj, 
0 25 ml solution Curve G from. 0 to 2 imn 0 26 ml 
0 06 m HjOj, then 1 26 ml dilute buffer solution added 
from a side arm giving 1 60 ml 0 01m HjOj Measure 
ments made with Barcroft differential manometers at 
20° m phosphate buffer (pH 5 86), concentration m each 
experiment 0 024 m 

(c) Concentration change from 0 01 0 36 m-HjOj 

Two sets of experiments were then made m winch 
a small amount of ‘ 100 vol ’ HaOj was gvdded durmg 
the reaction from a second danghng tube with a 
long platmum hook The dilute catalase solution 
was contamed m the first danglmg tube, which had 
a short platmum hook, and by careful tappmg 
could be dislodged without upsettmg the second 
tube holdmg the concentrated HaOj Protocol left- 
hand flask, 1 6 ml HsO , right hand flask, 0 094 ml 
0 32 N-H.O 2 , 0 40 ml 0 2 Ji -phosphate buffer 
(pH 6 86 ), 0 90 ml HjO, 0 10 ml catalase { = 1 60m] 
0 01 M-H 2 O 2 ) , 0 06 ml 10 6 M-H 2 O 2 in second 
danglmg tube Total volume = 1 60 ml OSeM-HjO* 
It 18 important to show that by mcreasmg the HjO* 



e ^036 m-H2O2 


X5no-36M-H202 


0-01 M-H 2 O 2 


Time (min ) 

Fig 6 Os evolution curves for 0 01 and 0 36m HjOs with 
1 9 X 10"° mg catalase (CL 3) m each experiment Curve 
A 0 OlM HjOj, 1 60 ml solution Curveff OSOmHjOj, 
1 60 ml solution Curve C finm 0 to 2 rmn 1 60 ml 
OOIm-HsOj, then 0 05 ml 10 6m HaO® added from a 
second danglmg tube givmg 1 65 inl 0 36m HsOj 
Measurements made with Barcroft differential mano 
meters at 20° m phosphate buffer (pH 5 85), concentration 
in each experiment 0 024m 

startmg with 1 60 ml of 0 01 m H 2 O 2 and addmg 
0 05 ml of 10 5 Jt-HjOz from the second danglmg 
tube after 2 nun to givn 0 36 M HjOj A marked 
mcrease m the rate is observed, which corresponds 
to that expected for the mcrease m H 2 O 2 concen- 
tration The rates of O 2 evolution measured over the 
period 2-4 5 mm , from curves A, B and C, are 3 h, 
7 0 and 7 4 /rl Oa/mm respectively 

(d) Concentration change from 0 06 to 1 46 m-H O 
The inhibitory effect of strong H 2 O 2 which wL 
observed m the direct detennmations of the rate at 
different HjOa concentrations (Fig 2 and Table 3 ) 
was confirmed by addmg peroxide durmg the 
reaction to bnng the concentration from 0 06 to 

fall to about one 

R r P^’a^ous value In Fig 6 , cuiVes A and 
B refer to the 0 * evolution from 1 60 ml of 1 46 and 




204 


P GEORGE 


1949 


0 06 m-HjOj respectively, wkLle curve O gives 
the O 2 evolved from 1 30 ml of 0 06 m-HjOj for 
2 mm , when 0 20 ml of 10 6 m-HjOj was added 
and readmgs taken for a further 3 mm The 
rate decreases quantitatively cofrespondmg to the 



Time (min ) 


Fig 6 O 2 evolution curves for 1 46 and 0 06 m HjOj with 
1 9 X 10“® mg catalase (CL3) m each experiment Curve 
A 1 46 m-HjOj, 1 50 ml solution Curved OOOm-HoO,, 
1 50 ml solution Curve C from 0 to 2 nun 1 30 ml 
0 06mHjOj, then 0 20 mL 10 5m-HjOj added from a 
second danghng tube givmg 150 ml ul 46M-HjOt 
Measurements made with Barcroft differential mano 
meters at 20° m phosphate buffer (pH 5 86), concentra 
tion m each experiment 0 024m 


peroxide or the nature and concentration of the 
buffer solution used The quantitative reversal of 
the inhibition shown by the addition of dilute 
buffer solution or peroxide durmg the reaction 
shows that the phenomenon is not due to destruc 
tion of the enzyme The remammg problem to be 
settled IS whether or not partial enz 5 mie destruction 
18 responsible for the transition from the initial 
rapid rate to the steady rate The experiment 
recorded m Fig 3, curve G, shows that it is not 



(M)6 M— H 2 OJ 

0-36 M to 
(M)6 M-H2O2 


0-36M-H2O2 


Time (min ) 


Fig 7 Oj evolved durmg the mitial rapid reaction with 
0 36 and 0 06m HjOj, calculated from the 0, evolution 
curves m Fig 3 by subtractmg the Oj evolved m the 
steady reaction Curve A (from Fig 3 A) 0 36m HaO,, 

0 26 ml solution Curve B (from Fig 3B) 0 06 m HjO , 

1 60 ml solution Curve 0 (from Fig 3D) from 0 to 
1 mm 0 26 mL 0 36m HjOj, then 1 26 ml dilute buffer 
solution added from a side arm givmg 1 60 ml 0 OGm 
H 2 O 2 


change m HgOj concentration The rates of O, 
evolution, measured over the period 2—4 5 mm , 
from curves B, A and O are 10 9, 2 9 and 2 9 pi 
OJmm. respectively 

DISCUSSION 

The experiments described above show that the 
rate of decomposition of HoOg by catalase is directly 
proportional to the enzyme concentration emd shows 
a complex variation with the H 2 O 2 concentration 
Below 0 06 m-HjOj the rate is directly proportional, 
between 0 06 and 0 08 m:-H 202 there is a maximum 
m the rate, above 0 08 m-HjOj further mcrease m 
the peroxide decreases the rate These results, 
particularly the inhibition at high HjOj concen- 
tration, are m no way dete rmin er) by the punty of 
the enzj’ine, the presence of inhibitors m the 


The experiment is one of the senes m which dilute 
buffer solution was added jiurmg the reaction, the 
addition bemg made at the end of the first mmute, 
1 e durmg the penod of the rapid reaction The 
concentration change was from 0 36 to 0 06 m: H2O2 
The effect of this dilution durmg the imtial rapid 
reaction can best be seen by subtractmg from aU the 
experimental pomts m Fig 3 the appropnate con 
tribution of the steady rate This is done m Fig 7, 
where curves A, B and G give the O 2 evolution for 
the calculated rapid reaction for 0 36, 0 06 and 
0 36^0 06 M-H 2 O 2 , from the experimental pomts m 
Fig 3, curves^M, -B andD The rapid reaction is over 
more qmckly the higher the peroxide concentration 
With 0 36 m-HjO,, 83 % is over m the first mmute, 
with 0 06 m-HjOj , 65 % Curve C, Fig 7, shows that 
after dilution a greater quantity of O 2 is evolved in 
completmg the mitial rapid reaetion than is evolved 
m the more concentrated solution This suggests 
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that the transition to the steady rate cannot be due 
to any partial destruction of the enzyme If it -were, 
no mcrease in 0^ evolution vi'ould be observed on 
ddiition The explanation for tins transition from a- 
to j3 activity m the decomposition of HaOo by oata 
lase should be sought m the series of umt reactions 
mvolved m the peroxide decomposition In this 
respect there is a similarity m the kmetics of the 
enzjunatic decomposition and of the reaction 
catalyzed by ferrous iron (George, 1947), even 
though the iron m catalase is m the feme state 

SUMMARY 

1 The evolution of oxygen from hydrogen 
peroxide at pH 5 68 by liver catalase, erythrocyte 
catalase and a suspension of plasmolyzed red blood 
corpuscles has been measured manometncally, and 
by the ‘boat techmque’ of Meldrum & Rougbton 
(1934) usmg a pressure gauge for followmg rapid 
rates There is an mitial rapid evolution of O 2 
followed by a slower steady evolution a transition 
from a- to /S actmty 


2 Identical kmetic relationships are obtamed 
with the three specimens of catalase The rate is 
directly proportional to the catalase concentration 
The variation of the rate with peroxide concen- 
tration shoivs a maximum at about 0 07 M-H202 , 
further increase m the HoOj concentration de- 
creasmg the rate very markedly 

3 These kmetic relationships, particularly the 
mlubition at high HjOj concentrations, are m no 
way determmed by the purity of the enzyme, the 
presence of mhibitors m the peroxide or the nature 
and concentration of the buffer solution used 

4 The quantitative reversal of the mlubition 
shown by addition of dilute buffer solution or 
peroxide durmg the reaction shows that enzyme 
destruction plays no part m determuimg these 
kmetic relationships 

6 Dilution durmg the period of mitial rapid 
actinty shows a similar reversibihty which suggests 
that the transition from a- to )9 activity is not caused 
by the partial destruction of the enzyme 

I wish to thank Prof D Keihn, F R S , for his stimu- 
lating mterest and kmd encouragement m tins work 
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Activity of the Succinic Dehydrogenase-cytochrome System 
in Different Tissue Preparations 


Bv D KEILIN AND E F BIARTREE, Mdlteno Institute, University of Cmnbtidge 

{Received 26 June 1948) 


The object of this paper is the study of the effect of 
different factors on the rate of aerobic oxidation of 
siiccimc acid bj’' various tissue preparations From 
the results obtamed it is apparent that there are 
broadly speakmg two types of factor first, those 
which may react directly and specificallj’’ with one 
or more components of the succimc dehydrogenase 
cnocluome sj'stem or of other catalytic mechanisms 
linked to tlus sj^tem, and secondly those which, by 
modif jung the colloidal state of the enzyme prepara 


tions, may markedly mcreOse or decrease them 
activity The significance of the latter type of 
factor has not hitherto been fully recognized, with 
the result that the mode of action of a number of 
inhibitors and activators on the succmic system 
m tissue extracts has been mismterpreted, and 
the activators have erroneously been considered as 
essential hnks m the catalytic ebam which brmgs 
about the aerobic oxidation of auccinate This study 
will enable us to examme critically the claims of 
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previous workers to have discovered or even isolated 
such eidditional catalytic intermediates in the 
succunc system 

MATERIALS AND METHODS 

The preparation of heart muscle (from horse unless other 
wise stated) and pigeon breast mnsole extracts and of de 
natnred globm (from recrystalhzed horse oxyhaemoglobm) 
have already been descnbed (Keilm & Hartree, 1947a, 6) 
If prepared exactly accordmg to our descnption the heart 
preparation wdl yield, on 20 fold dilution with 01 m- 
phosphate (pH 7 3), a homogeneous opalescent flmd which 
shows no sign of aggregation on standmg for several hours 
at room temperature The appearance of a flocculent pre 
cipitate mdicates either that the pH became too low ( <6 6) 
during the isolation of the enzyme matenal, or that it was 
not kept cold at that stage Although such materials may 
show catalytic activity, they are unsuitable for the experi- 
ments described m this paper Cytochrome c was prepared 
from horse heart (Keihn & Hartree, 1946) and a 1% 
solution of the pigment, containmg 0 34%Fe, was generally 
used In certam experiments cytochrome c contarmng 
0 43 % Fe was used 

Kidney oxidase preparations The cortical layer of 1 horse 
kidney was passed through a Latapie min cer, stirred 
10 mm with 1 1 distdled water and pressed out m mushn 
The pulp was stared with a farther 1 1 water and pressed 
out agam The combmed flmds were centrifuged to remove 
sohd particles and the cloudy flmd cooled to 0° was 
brought to pH 6 6 with n acetic acid The precipitate was 
immediately centnfuged down, washed by centnfugmg 
with 0 02 m KHjP 04 , and the sohd matenal resuspended m 
its own volume of 0 1 m phosphate buffer (pH 7 3) 

Vacuum dried preparations Heart-muscle preparation 
(20 ml ) m a 600 ml beaker was evacuated to 0 1 mm Hg m 
a desiccator over KOH and concentrated HoSO, Withm 
10-20 mm the matenal froze as a result of the rapid 
evaporation The desiccator was then detached from the 
pump and allowed to stand evacuated overnight In this 
way a hght flaky product was obtamed, very similar m 
appearance to a freeze dned protem 

Frozen oxidase preparations Heart muscle preparations 
were frozen three times, either m hqmd air or m an ice salt 
freezmg mixture, with complete thawmg after each freezmg 
This treatment resulted m an irreversible flocculation of the 
colloidal suspension 

Olyoxaline buffer As veronal inhibits succmio dehydro 
genase, phosphate firee buffers (pH 7 3) were made up from 
4(5) methylglyoxahne (Wmdaus A Knoop, 1906) accordmg 
to the descnption of Borby & Neuberger (1938) 

The oxidation of succinate was followed m differential 
manometers at 39° with 3 3 ml flmd m each flask as already 
descnbed (Ke ilm & Hartree, 19476) Unless otherwise 
stated, the concentration of buffer was 0 07m with respect 
to phosphate or glyoxahne The nght hand flasks received 
the appropnate oxidase preparation and 0 2 ml 1 % oyto 
chrome c Sodium succmate was added from a danglmg 
tube, its concentration after mixin g with the contents of the 
flask bemg 0 04m: All experiments were earned out at 
pH 7 3 When frozen or dried preparations were tested this 
fact is stated, m all other cases the firesh matenal was used 
The term Qq^ used m this paper corresponds to pi Oj taken 
up/mg dry wt of preparation/hr 


EXPERIMENTAL 

A Effect of varying concentrations of phosphate and 
glyoxahne buffers 

Our experiments have shown that phosphate buffer 
cannot be considered as an mdifferent medium for 
the study of the succunc dehydrogenase cytochrome 
system 

Fig 1, which summarizes the expenmental results ob 
tamed with the heart muscle preparation before and after 
vacuum drymg, clearly mdicates that the rate of oxidation 
of succmio acid increases with the decrease m phosphate 
concentration down to 0 16m, but at lower concentrations 
the rate falls agam In the case of the undned matenal 
these changes m the activity of the preparation follow the 



Fig 1 Effect of phosphate buffer concentration on the rate 
of Oj uptake of fresh and vacuum dried heart prepara 
tions m presence of succmate and cytochrome c Dry wt 
of preparation = 1 1 mg , temp , 39°, pH, 7 3 

degree of dispersion of the protem, the most complete dis 
persion bemg at 0 16 m phosphate with a tendency towards 
flocculation as the concentration of phosphate is either de 
creased or moreased When phosphate is replaced by the 
glyoxahne buffer the rate of oxidation of succmate moreases 
with the decrease of buffer concentration For such expen 
ments glyoxahne buffer must be used instead of phosphate 
m the preparation of the heart- muscle extract The pecuhar 
effect of phosphate can beiUustrated from experiments where 
the total salt concentration (phosphate -f chlonde) remamed 
constant while the phosphate concentration, denoted as 
[phosph], was varied In such a case there is a definite 
activation by phosphate when comparison is made with 
control experiments m glyoxahne buffer (Table 1) * The 
combination of this activation by (phosphj and the genera 
salt effect presumably gives rise to the maxima m Fig 1 
No optimal effect of [phosph] is shown by kidney prepara 
tions where the reaction rate falls off with mcreasmg 


• Throughout this paper we use the term ‘activation to 
mdicate an mcrease m the rate of Oj uptake of the entire 
catalytic system 
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Table 1 Comparison of the effects of phosphate and 
glyoxahne buffers on the oxidation of succinato by 
a heart oosidase preparation 


(Total volume of oxidase (0 06 ml ) + oytochrome c 
+ succmate = l 0 ml NaCl and buffers 0 1 M , temperature , 


39°, pH, 7 3 ) 


0. uptake 
(fd /20 mm ) 

, ^ . 

In In 

phosphate glyoxalme 


+ 1 0 ml NaCl 

Dsid +cyt c + si 
+ 0 6 ml NaCl 

Dxid +cyt c+Bi 
+ 0ml NaCl 


-(-1 3 ml 

buffer 

87 

97 

■f 1 8 ml 

buffer 

116 

100 

-1-2 3 ml 

buffer 

138 

99 


Table 2 The effect of phosphate concentration on the 
oxidation of succinate by a kidney preparation, and 
the effect of cytochrome c 

(Kidney omdase (0 25 ml ) , succinate, temp , 39° , pH, 7 3) 


amount used m manometnc expenmenta) contained 5yg 
morgamo P and when incubated mth 6 mg ATP at 30° 
for 60 mm , hydrolyzed only 8 % of the substrate 

Since the heart muscle oxidase produced by our method 
contains very little ATP ase further expenments were 
earned out on a pigeon breast muscle preparation (Keihn 
&, Hartree, 19476) usmg both phosphate and glyoxahne 
buffers for extraction Several samples were collected m the 
course of fractionation of the muscle and these differed m 
their activities with respect to sucemate, and m their con 
tents of myosm and ATP ase An exammation of these 
fractions m glyoxahne and m phosphate buffer showed that 
the addition of ATP produced inhibitions varymg from 
26 to 37% 

We can say m conclusion, that the results of our 
experiments, unlike those of Bub & Szent-Gybrgyi 
jun (1946), show that ATP inhibits the catalytic 
activity of highly active preparations oxidizmg 
succmic acid The inhibitory effect of ATP is, m 
fact, of the same order as that produced by an 
eqmvalent concentration of morgamc pyrophos- 
phate 


Phosphate cone 

(M) 


fd 0i uptake m 10 mm 


No oyt c 


With oyt c 


0 016 20 

0 08 14 

0 16 8 

0 30 1 


96 

77 

18 

9 


[phosph] (Table 2) The rate of reduction of methylene blue 
m Thunberg vacuum tubes by sucemate and the vanous 
preparations is mdependent of [phosph] over a wide range 


B Effect of adenosinetnphosphate {ATP) 

Bird & Szent Gybrgyi jun (1946) tested the effect 
of ATP on the oxidation of succmic acid by a 
preparation obtamed from rabbit skeletal muscle 
mmced and washed twice m 20 volumes of water 
The maximum Qo^ of this muscle preparation at 37° 
without and with ATP was found by them to bo 
2 6 and 6 respectively They concluded that ‘the 
activity of the succmoxidase is greatly dependent 
on the presence of ATP ’ 

As the activity of their enzyme system was very low we 
considered it mterestmg to determme the effect of ATP on 
our enzyme preparations, the Qo^ of which vanes between 
600 and 700 The expenments, earned out m the usual way, 
showed that the Qg. of a horse heart preparation m phos 
phate buffer without and with 0 003m ATP (6 mg /mano 
meter flask) was 020 and 640 respectively In other words, 
ATP produced about 13 % inhibition Expenments earned 
out on a heart-muscle extract prepared and tested m 
gljoxahne buffer gave similar results namely, ATP, m 
presence or in absence of K ions, mvanably produced about 
16% inhibition The glyoxahne heart muscle preparation 
was found to contam only a trace of morgamo phosphate 
and its adenosmetnphosphatase (ATP ase) activity was 
^e^y low Thus 0 2 ml of this preparation (i e 4 times the 


C Effect of proteins on the activity of the succinic 
systems in different preparations 

The activation by denatured globm of a heart- 
muscle preparation oxidizing sucemate was recorded 
m a previous paper (Keihn & Hartree, 1947 b) under 
a single set of experimental conditions Further 
work revealed that other protems exhibited the 
same property, and that the magmtude of the effect 
was greatly dependent upon phosphate concen- 
tration Such experiments showed that, except at 
very high [phosph], the activity of a heart prepara- 
tion m presence of added protems was mdependent 
of [phosph] and that the effect of protem m sub- 
optimal [phosph] was to raise the activity of the 
preparation to the optimal level (Table 3) From 

Table 3 The effect of phosphate concentration on 
the oxidation of succinate by a heart preparation 
' ± added protein 


(Oxidase (0 04 ml ), sucemate and cytochrome c, 0 3 ml 
14% denatured globm or 0 3 ml horse plasma, temp , 39°, 
pH, 7 3 ) 


Phosphate cone 

(M) 

0. 

uptake (fil /30 rmn ) 



/ 

Alone 

-f-PIasma 

+ Globm 

0 03 

198 

320 

349 

0 09 

294 

348 



0 15 

325 

340 

331 

0 30 

279 

279 



this it follows that the effect of protems can only be 
studied ht low [phosph] and the concentration 
chosen for subsequent work was 0 07 m It is 
important to note that denatured globm is com- 
pletely precipitated at the pH of our expenments 
(7 3) From the results of experiments earned out 
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with an ox-heart preparation and summarized m 
Table 4 it is evident that proteins generally, but not 
their digests, activate the oxidation of succmate, 
and that denatured and consequently insoluble 
proteins are the most efficient m this respect 
Si m i l ar results were obtamed with a horse heart 
preparation 

Table 4 The effects of various substances on the 
aerobic cmdation of succinate by a •pig-heart 
preparation 


(Phosphate (0 07 m) , oxidase (0 06 ml ) , succmate, 
cytochrome c, temp , 39°, pH, 7 3 ) 


Substance added 

Eelative rate of 
Oj uptake 

None 

100 

Crystallme senim albumin (2 %) 

219 

Peptone (2%) 

117 

Gelatme (2%) 

200 

Casern (commercial (2%)) 

171 

Tryptic digest of casern (2 %) 

122 

Horse plasma (0 4 ml ) 

210 

Methaemoglobm (2%) 

206 

Denatured globm (2 %) 

286* 

Boiled methaemoglobm (2 %) 

244* 

Ca3(P04)s gel (30 mg ) 

199 

CaClj + AICI3 (each 4 x 10~‘M)t 

166 

Boiled oxidase (0 1 ml ) 

167 

Tacuum-dned oxidase (4 mg ) 

180t 


* Precipitate of protem m manometer flask 
t Ckmcentrations used by Schneider L Potter (1943) 
j Corrected for Oj uptake of dried preparation 


Pigeon-breast muscle preparations, on the other 
hand, are not affected by proteins (Keihn & 
Hartree, 19476) 

D The effect of cytochrome c compared 
vnth that of indifferent proteins 

The mcreased rate of oxidation of succmate by 
heart-muscle preparations obtamed on adding 
proteins is of the same order as that given by 
cytochrome c This raises the question whether 
cytochrome c may act as an in diff erent protem as 
well as a specific oxido-reduction catalyst The study 
of this question is most convemently carried out 
with certam modified types of preparations which 
will be described below 

(1) Experiments with frozen heart muscle preparations 
The best results were given by a pig heart preparation pre 
served 2—3 days at 6° after fiee2ang 3 tunes m an ice salt 
mixture The rate of oxidation of succmate by tbis pre 
paration was studied m presence of (a) horse blood serum, 
(6) cytochrome c (0 43% Fe), (c) alkah denatured cyto 
chrome c, (d) denatured globm and (e) denatured globm 
treated with alkah m the same way as the cytochrome c The 
alkah treatment consists m 18 hr contact with u NaOH 
followed by neutralization with HQ and 4 hr dialysis to 
remove excess of salt We have previously shown (Keilin &, 
Hartree, 1940) that such treatment renders oytochrome c 
catalvticaUy mactivo in an oxidizmg system obtamed from 
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tissue extracts The results of these expenments are sum 
manzed m Fig 2 where the activatmg effects of vanous 
protems are plotted against log protem concentration 
The order of efiSoienoy is oytochrome c > denatured globm 
> serum protems, but whereas alkah treatment reduces cyto 
chrome c to the serum level, it does not affect denatured 
globm These experiments distmgmsh clearly between the 
influence of added cytochrome c as an mdifferent protein 
and its catalytic effect as an essential oxido reduction 
catalyst No explanation of the maxima m certam curves is 
forthcommg from our experiments 



Protein (log %) 


Fig 2 Effect of cytochrome c, denatured globm and serum 
protems on the oxidation of succmate by a frozen 
heart- muscle preparation (1 1 mg ) Ordmates activity 
expressed as percentage of that m absence of the various 
protems (36 /A OJIO mm ) Abscissae log percentage 
protem concentration Experiment earned out at 39 m 
0 07 m phosphate (pH 7 3) 

(2) Experiments with vacuum dried heart muscle prepare 
tions Horse heart preparation (20 ml) yielded 832 mg 
powder on drying m the manner previously desenbed It 
was preserved m a desiccator for penods up to 4 weeks an 
resuspended m water (41 6 mg /ml ) as required. For mano 
metnc expenments 0 06 ml of this suspension was uwd, 
while control runs were earned out with the correspondmg 
amounts of undned material The effect of phosphate , 
centration on this preparation is shown m Fig 1 
results collected m Table 6 show that the activity o 
preparation towards succmate is very much reduced 
drymg, when tested m 0 07 m phosphate, and it is not 
activated by cytochrome c Addition of denatured glo > 
hov ever, mcreases the activity of the dned matenal to “ 
obtamed at the optimum phosphate concentration, and t 
addition of cytochrome c at this stage leads to a lurtner 
increase m O. uptake Cytochrome c, therefore, does n 
act here as an indifferent protem An analogous oxidase. 
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preparation from ox lieart iivas less markedly affected by 
drymg, probably omng to the presence of proteins which 
may function as denatured globm In both cases, however, 
the effects produced by cytochrome c and by globm are 
additive The results obtamed with dried oxidase prepara 
tions m experiments of the type set out in Table 6 can vary 
considerably from one preparation to another and with 
the age of the preparation Nevertheless, the distmotion 
between the general effect of protems and the specific effect 
of cytochrome c always remains clear 


Table 6 Oxidation of succinate hy heart-muscle 
preparations before and after drying Effect of 
cytochrome c and denatured globtn 

(Globm (0 3 ml 1 4%), 0 07 M phosphate buffer, temp , 
39°, pH, 7 3 ) 

Oi uptake 
(pi /16 min ) 



i 

Horse heart 

Ox ' 



A- 

heart 


Fresh 

Dned 

(dned) 

Oxid -i-BUcc 

78 

2 

62 

Oxid +SUCC +cyt c 

98 

9 

102 

Oxid + 8 UC 0 -)-denat globm 

193 

80 

146 

Oxid +SUCC 4-denat globm 

220 

174 

252 


+ oyt c 

(3) Experiments mth horse hdney preparaitons The 
characteristic property of this type of preparation is that it 
oxidizes Bucomate or p phenylenediamme very slowly un- 
less o3doohrome c is added, when the rate of Oj uptake may 
morease at least 5 fold (Table 2) We have previously noted 
this marked effect of added cytochrome c upon kidney pre 
patations and have suggested that it is due to a deficiency of 
cytochrome c (Kedm & Hartree, 1940) When the oyto 
chromes m our kidney preparations are exammed qieotro 
BcopicaUy after reduction with succmate or Na^SjO^, a 
feeble band (a) is seen together with a broad diffuse band 
(6i), which occupies the same position as the two distmot 
bands (6) and (c) found m heart preparations In the same 
paper we showed that it was possible to obtam heart pre 
parations that were not deficient m csdochrome c and yet 
were virtually maotive m the aerobic oxidation of succmate 
unless soluble c was added It is thus possible for c to be 
present m an unavailable form In this connexion the 
results of Slater (1949) are of mterest He has found 
that if the acidification to pH 6 6 is avoided durmg the 
preparation of the kidney oxidase (see p 206) and 
replaced by high speed centrifuging as a means of con 
centratmg the active material, a normal heart-type cyto 
chrome spectrum can be observed on addition of succmate 
However, the rate of oxidation of succmate by such 
material, which shows an optimal effect of [phosph], is 
also low in absence of added c, hence the c m the 
preparation must be largely inaccessible to other com 
pononts of the catalytic sj^tem 
Experiments with our kidney preparation, under standard 
oxpenmcntal conditions, are shown m Table 6 The distmc 
tion between the accelcratmg effects of cytochrome c and 
denatured globm is apparent from the fact that globm is 
ineffective in absence of added c 
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Table 6 The effect of various activating factors on the 
oxidation of succmate by a horse kidney preparation 


(Denatured globm (0 3 ml 14%), 4 x 10"*M AICI3, 
methylene blue , 0 12 ml kidney preparation, 0 07 sr 
phosphate buffer, temp , 39°, pH, 7 3 ) 

O3 uptake 

Factor added (/iL/30 mm ) 


None T5 

Denatured globm 22 

AICI3 21 

Moth blue 54 

Cyt c 111 

c-(- globm 172 

CH- AlCI, 155 


E Effect of metals on the ondalion of 
succinate by different preparations 

Horecker, Stotz & Hogrvess (1939) have shown 
that low concentrations of salts of A1+++, Cr+++ 
and the rare earths markedly morease the rate of 
oxidation of succmate m presence of an ox -heart 
preparation Swingle, Axelrod & Elvehjem (1942) 
found a similar activation of various tissue pre- 
parations by Ca++ (see p 210) while Schneider & 
Potter (1943) have studied the activation of an 
unwashed liver preparation by Ca++ and A1+++ 

(1) Effect of Ga++ and A1+++ The influences of these 
meteJho ions added separately on the aerobic oxidation of 
Buoomate by heart muscle preparations are qmte different 
from those recorded by Schneider & Potter who found that, 
m hver extracts, Ca++ alone activated the system and that 
A1+++ merely abolished an initial lag in O3 uptake In Fig 3 



log [CaCIJorfAICIj] expressed as molar concentrations 


Fig 3 Effect of different concentrations of CaClj and AICI3 
on the rate of Oj uptake by 0 1 ml heart-muscle pre- 
paration m presence of cytochrome c and succmate 
0 07 m phosphate, pH 7 3, temp, 39° Abscissae 
log [CaCy or [AlCl,] expressed as molar concentrations 


are saosvn me eneora 01 various concentrations of CaClj and 
AIGI3 on the aerobic activity of a horse-heart preparation 
under the standard conditions It was of mterest to find 
that the concentration at which the effect of Ca-H- disapp 

14 


lears 
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18 also the nummum concentration at winch a gelatinous 
precipitate of Ca3(POj)3 is formed in the manometer flask 
In the case of A1+++ the minimum concentration could not 
be gauged as the precipitate forms very slowly at low A1+++ 
concentration At 4 x 10 ~^m, only A1+++ is effective and 
the activation by the ions was found not to he additive 
Anaerobic expenments with methylene blue gave no useful 
results owmg to co precipitation of the dye with the in 
soluble phosphate The fact that the effects produced by 
Ca+++Al+++ and by globm are not additive suggests that 
their modes of action are similar They both form precipi 
tates m the manometno flasks, thus providmg surfaces for 
possible adsorption, which corroborates the conclusion 
reached by Horeoker ei al (1939), namely that the activa 
tion they obtamed with Cr+++ and other ions arose from the 
formation of precipitates of heavy metal phosphates The 
dried oxidase preparations are also markedly reactivated by 
Ca++ and A1+++ Different results, however, were obtamed 
when CaCl2+AlCl3 were added to the oxidase preparation 
before drying In such experiments, to 10 ml heart muscle 
preparation were added 0 43 ml each of 0 6 M CaClj and 
0 6m AICI3 m order that the final concentration of the two 
salts should be 4 x 10~*M m the subsequent manometer 
experiments After vacuum drymg and resuspension of the 
powder m 10 ml water, the preparation was found to be 
completely maotive and further addition of Ca++ and A1+++ 
failed to reactivate it, whereas the control dried preparation 
behaved normally (Table 7) 

Table 7 Activity of succinic system in horse-heart 
preparations dried with or without the addition of 
CaClg and AICI 3 

(4 X 10"^ M CaClj and AICI3, temp , 39°, pH, 7 3 ) 

Oj uptake 
(fil /20 mm ) 

Oxid dried with Ca++ and A1++ +SUCC 4-oyt c 0 

Oxid dried with Ca++ and A1++ + succ + oyt c 0 

+ CaCls+AlCl3 

Oxid dned alone + succ + oyt c 17 

Oxid dned alone + succ +oyt c + CaCij + AICI, 109 
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Our results cannot be mterpreted m the same maimer as 
those of Swingle, Axelrod & Elvehjem (1942) By working 
with homogenates of unwashed tissues, these workers ob 
tamed evidence that the effect of Ca++ arises from its 
activation of an enzyme hydrolyzmg ooenzyme I, the latter 
beang an mdirect inhibitor of succinic dehydrogenase (see 
p 216) In fact we were able to show that a ffltrate of boiled 
heart preparation was completely devoid of this coenzyme 
since it could not replace authentic coenzyme I m the re 
constructed muscle lactic dehydrogenase system (Straub, 

^ 1940) Further arguments against such a possibflity are 
(1) that heart-muscle preparations m optimal [phosph] are 
not affected by Ca++ smce the latter merely raises the 
activity to the optimal level, and (2) no effect of Ca++ can 
be observed when usmg enzyme matenal from other sources 
or when experiments are earned out m phosphate free 
buffers (Table 8) 

(2) Effects of other metals The influence of other metals 
on the activity of a heart preparation m phosphate and in 
glyoxahne buffers and on a pigeon preparation m phosphate 
buffer IB summarized m Table 8 In no case was there anv 
activation of heart preparations m glyoxahne buffer or of 
pigeon preparations m phosphate buffer The activations 
produced by Ba++, Fe+++, lln++ and Ce+++ resemble those 
obtamed with Ca++ and A1+++ Inhibition is always com 
plete in the case of Cu++, but vanable m the case of Co++ 
The formation of dense granular precipitates by Ce+++, Ck)++ 
and Cu++ in glyoxahne acoompames complete maotivation 
The lack of activation by metals of the pigeon preparation 
m phosphate buffer finds a parallel m the absence of anr 
effect of proteins, whether native or denatured, imder the 
same oircumstanoea 

F Evidence for the eonstence of a camei hntmg 
succinic dehydrogenase with cytochrome 

Several workers claim to have demonstrated the 
existence of, or even, to have isolated, a earner 
linkin g succimo dehydrogenase with the cytoclirome 
system We shall now summarize the eindence 


Table 8 Ejfeci of metals on the succinic system in horse heart and pigeon breast muscle preparations 

(Heart preparation (0 06 ml ), 0 07 mb pigeon preparation, 0 2 ml cytochrome c m all cases Metals (2 x 10 -=>m) added as 
chlorides or sulphates, O 07 m buffer, temp , 39°, pH, 7 3) 

Preparation and buffer 


Metal 

added 

r 

Heart prep 
m phosphate 

A 

Heart prep 
in glyoxahne 

— \ 

Pigeon prep 
m phosphate 

Rate* 

Pptf 

Rate* 

Pptf 

^ , 
Rate* Ppt t 

None 

(100) 


— 

(100) 


— 

(100) 


Ba++ 

171 


/ 

96 


t 

88 


Ga++ 

208 


1 

108 


0 

86 

1 

Ce+++ 

181 


I 

0 


D 

86 

1 

Co++ 

68 


8 

0 


D 

43 

0 

Cu++ 

0 


I 

0 


D 

0 


Fe+++ 

174 


1 

86 


§ 

94: 

1 

Li+ 

104 


0 

109 


0 

100 

U 

JIn++ 

176 


I 

109 


0 

110 

I 


* Belative initial rates of O, uptake . ^ nplntmous 

t Key to letters and signs O, no precipitate formed durmg experiment, /, immediate precipita ,, 8 

phosphate , 8 , slow formation of precipitate , D, slow formation of dense granular precipitate , %, slignt crystau p 1 
of BaSO^, § precipitate of Fe(OH )3 
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brought forward in support of these claims and 
re examine it m the light of our experiments 

(1) Tlie first enzyme preparation with properties 
suggestmg the existence of a earner was obtamed 
by Hoplnns, Lutwak-Mann & Morgan (1939) Tliey 
washed a mmee of pig heart with sodium cliloride 
and htluum chloride solutions and extracted it with 
bile salts After precipitation of tins extract with 
ethanol and extractmg the precipitate with urea, 
a suspension was obtamed which did not reduce 
cytochrome c, and winch did not catalyze the oxi- 
dation of succmic acid by Oj unless methylene blue 
was added Unfortunately, tins treatment denatures 
the components a, and b of c 5 diOclirome and 
mactivates the major part of the succmic dehydro 
genase In fact, the Qo^ of this preparation was 
about 12 whereas the of an ^tive heart pre- 
paration hes between 600 and 700 It has been 
shown (Keihn & Hartree, 1940) that 10 mm. 
contact with 60% ethanol brmgs about the fol- 
lowmg changes m our heart muscle preparation 
( 1 ) the cytochrome oxadase activity, as measured 
by its abihty to oxidize p-phenylenediamme, is 
abohshed, ( 2 ) cytochromes a, O 3 and b are found, on 
spectroscopic exammation, to be irreversibly modi- 
fied, and (3) the succmic dehydrogenase activity, 
measured by the rate of O 4 uptake m presence of 
methylene blue, is reduced to about one third of its 
origmal value The behaviour of the preparation of 
Hopkins etal (1939) is thus best explamed as bemg 
due to mactivation of the cytochrome system rather 
than to removal of an essential factor 

(2) By ultracentnfugmg a heart muscle prepara 
tion. Stem & Melmck (1939) obtamed a pre- 
paration mcapable of oxidizmg succmic acid m 
presence of cytochrome c, although it contamed 
an active succmic dehydrogenase, oxidizmg the 
substrate by means of methylene blue, and an 
active oytoclirome system as measured by the 
rate of oxidation of hydroqumone However, when 
the supernatant flmd was added to the ultra- 
centrifuged preparation, a complete system was 
obtamed winch catalyzed the aerobic oxidation of 
succmic acid The supernatant flmd, according to 
them, contamed ‘a supplementary prmciple’ or 
‘ activator ’ winch is a protem of molecular weight 
about 140,000 As we have mentioned previously 
(Keihn & Hartree, 1940), we were not m a position 
to repeat tins experiment, but on centnfugmg our 
heart preparation at a lower speed (13,000 r p m ) 
V e obtamed a sediment winch was as active as the 
origmal material As any factor which remamed m 
solution at the higher speed must also have remamed 
at our lower speed it is impossible to reconcile the 
tn o experiments on the basis of the separation of a 
component The mactivation of Stem & Mehnek’s 
ultracentnfuged preparation cannot, therefore, be 
considered as bemg due to tlie separation of a 


earner It is probable that, under the influence of 
a high gravitational field, the preparation of Stern 
& Melmck underwent changes similar to those 
caused by drymg or freezmg No such effect was 
observed m the lower gravitational field of our 
experiment 

We have already seen that marked activation of 
various types of enzyme preparation may be 
obtamed with mdifferent and denatured proteins 
That Stem & Mehuck’s results may find an explana- 
tion along the same hnes appears probable as a 
result of oiu experiments with dried heart and kidney 
preparations W^e have shown (Table 6 , second 
column of figures) that on drymg a horse-heart 
preparation its catalytic activity towards succuuo 
acid m presence of added cytochrome c is reduced 
to about 9 % of that of the ongmnl material In 
contrast to the mappreciable effect of cytochrome c 
on the dried preparation, the addition of denatured 
globm markedly raises the activity, and the further 
addition of cytoclirome c at tins stage more than 
doubles the activity so that it approaches 80 % of 
that of the fresh preparation The analogy with the 
results of Stem & Melmck becomes more stnkmg 
when the activities of dried heart and kidney pre- 
parations are examined m presence of methylene 
blue, cytochrome and denatured globm The results 
obtamed with these heart and kidney preparations 
are shown m Table 9 and Fig 4 respectively It is 
seen that the activation by cytochrome c m such 
cases IS very small and considerably less than that 
by methylene blue In other words, a dried prepara- 
tion catal 3 rzes the oxidation of sucemate by methy- 
lene blue (Fig 4, iv) more efficiently than by cyto- 
chrome c (m) In absence of added cytochrome c 
globm has no effect on this system (1 and u), but the 
simultaneous addition of globm and cytochrome c 
leads to a very marked activation (v) Whereas the 
addition of methylene blue to this last system does 
not mcrease its catalytic activity, an mcrease is 
obtamed when either cytochrome c, globm, or both 
ore absent (la, no, ma) Thus a non-specific and 
denatmed protem appears to facihtate the reaction 
between dehydrogenase and the cytochrome system 
m the same way as the supplementary prmciple or 
activator of Stem & Melmck The latter cannot, 
therefore, be considered, without further evidence, 
as a specific component of the catalytic system m 
tissues which oxidize succmic acid. 

(3) Straub (1942) treated an extract of pig-heart 
muscle with sodium oholate and ammomum sulphate 
and resuspended the resulting precipitate m phos- 
phate buffer This ‘cholate preparation’ oxidized 
j?-phenylenediamme, but not sucemate unless 
methylene blue was added It thus contomed both 
the cytochrome system and succmic dehydrogenase, 
but apparently a certam factor hnkmg the two was 
missmg A material which fulfilled this function 


14-2 
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(‘SC factor’) was obtained by beating a portion of 
the heart extract in alkaline solution Straub con- 
siders the ‘ SC factor ’ to be an essential mtennediate 
link m the cytochrome-succinic dehydrogenase 
system Tins factor must be very different from the 
thermolabile protem ‘activator’ described by Stern 
& Melmck 

Table 9 The effect of methylene blue and denatured 
globin on the succimc system %n a dried horse heart 
preparation 

(Denatured globm (0 3 ml , 1 4%), methylene 

blue, dned oxidase, sucomate, ojtoohrome c, 0 07m 
phosphate, temp , 39°, pH, 7 3 ) 

Oj uptake 

Addition (pi /1 6 min ) 


1949 

denatured globm or A1+++ were completely meffeo 
tive (Table 10, 5-8) Such a striking difference 
between calcium phosphate and other actuators 
was not observed with any of the enzyme prepara 
tions previously exammed The marked activatmg 
effect of Ca++ in tins case is apparently due to pre 
cipitation as calcium salt of the residual cholate The 
low actimty m Exp 1 nan, therefore, be reasonably 
ascribed to an mlubition of the catalytic system by 
sodium cholate present m this preparation A 
notable increase m the activity of the ‘SC factor’ 
was found after 3 days’ storage at 6°, although the 
dehydrogenase activity of the cholate preparation 

Table 10 The effect of Ca++ and denatured globm on 
the succinic system prepared according to Straub 


None 

11 

Meth blue 

58 

Globm 

160 

Globm + meth blue 

184 


(1042) 

(Cholate preparation (0 6 or 1 0 ml ), 1 0 ml ‘SC factor’, 
0 2 ml 1 % cydoohrome c, 0 04m sodium sucomate, 0 3 ml 
CajlPO^), gel (20 mg diy wt), 0 3 ml 14% denatured 
globm, 10"“ M methylene blue, temp , 39°, pH, 7 3 ) 



Fig 4 Effect of cytochrome c (0 2 ml , 1 %), denatured 
globm (0 3 ml , 1 4%) and methylene blue (10"“m) on the 
oxidation of sucomate by a dned kidney oxidase pre 
paration Oxidase preparation eqmvalent to O 1 ml of 
material before drymg 0 07 m phosphate buffer, pH, 7 3 , 
temp , 39° 

We isolated the cholate preparation of Straub 
strictly accordmg to his description, and we 
obtamed his ‘ SC factor ’ by mcubation of the heart- 
muscle preparation for 30 min at pH 9 and 20° 
instead of at the higher temjierature given m Ins 
paper which, m our hands, yielded a completely 
mactive material Havmg confirmed Straub’s 
results (Table 10, 1—4) we attempted to replace the 
‘SC factor’ by substances which activated our 
enzyme preparations Calcium phosphate was found 
to be much more efficient than the SC factor, whereas 


O5 uptake 
(pi /lO mm ) 




Tested same 

Tested 3 days 



day usmg 

later using 



cholate prep 

cholate prep 



(1 0 ml) 

(0 6 ml) 

1 

Choi prep +cyt c+suoo 

7* 

2 

2 

Choi prep +oyt c + succ 
+‘SC factor’ 

31t 

92 

3 

‘SC factor’ -(-cyt c + auco 

0 

2 

4 

Choi prep -i-meth blue 

342 

146 


-l-BUCC 



5 

As l-^Cn3(P0,)s 

232t 

— 

6 

As 1 -f denatured globm 

2 

— 

7 

As 2+Ca,(P04)2 

231 

— 

8 

As 2 + denatured globm 

33 

— 


* This system is not activated by 10"“ m AICI3 nor by 
moreasmg [phosph] 

f Oj uptake slovB down after first 10 mm 


decreased durmg the same mterval Tins change 
comcides with an mcreased aggregation and preoi 
pitation of the proteins m the factor which may then 
act as a more efficient adsorbent of cholate It is, 
therefore, probable that the ‘SO factor’ does not 
represent a specific hnk m the catalytic oham of the 
system oxidizmg sucemate, but that it merelv 
serves to remove cholate fi’om solution On the 
other hand, smee we obtamed the ‘ SC factor ’ under 
conditions that were shghtly different from th^ 
specified by Straub, further study wiU be required 
before the mechanism of its action can be definitely 
estabhshed (see also Slater, 1949) 

(4) By fractionatmg an aqueous extract ot 
mmced ox or rabbit hver with ammomum sulphate 
Stoppani (1947) isolated a preparation which, 
although it contamed both succinic dehydrogenase 
and the complete cytoclirome system, was 3 et m 
capable of catalyzmg the aerobic oxidation of 
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succinate even in presence of added cytoolirome c 
This material wsis precipitated from the hver extract 
witlnn the range 0—0 2 saturation with atnmomum 
sulphate However, when the fraction which preci- 
pitated between 0 33 and 0 6 saturation was purified 
tlirough calcium phosphate it was found to have a 
strong activatmg effect on the first fraction m the 
aerobic oxidation of succmate One of the pecuhari- 
ties of the first fraction as a succimc dehydrogenase 
was that it could utfiize femcyamde as H acceptor 
but not methylene blue The activator was easdy 
destroyed by heat and by acids and would appear to 
have been a protem It could not be replaced by 
10“® M Ca++ or A1+++ or by difierent coenzymes 
To our attempts to repeat Stoppam’s experiments, 
follovung his methods as closely as possible, we were 

Oj — Cytochrome oxidase 
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which can have a marked effect upon our heart- 
muscle and kidney preparations 

(6) Yakushiji & Okunulu (1940) have described 
a haem protem of haemo chromogen type imder the 
name cytoclirome and consider it to be a catalytic 
mtermediate m the cytoclirome system They 
repeatedly washed an isoelectric precipitate of a 
heart preparation with acetate buffer, pH 4 6, before 
suspending it m phosphate at pH 7 6 and found that, 
on reduction with succmate + HCN, it showed an 
absorption band at 662 mp This pigment, which 
can be extracted from heart preparations in a 
soluble form, wiU reduce cytochromes a and c 
These authors suggest that it acts as an oxido- 
reduction carrier between cytochrome h and cyto- 
chromes a and c 

sncomio dehydrogenase 
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(arrows mdicate direction of eleetron transfer) 



unable to obtam fractions which showed a differenti- 
ation m the reactions with femcyamde and methy- 
lene blue m fact aU. fractions that we obtamed 
between 0 and 0 2 saturation readily reduced methy- 
lene blue anaerobically m presence of succmate 
On one occasion we were able to obtam from 
rabbit hver two fractions precipitated withm the 
specified ammomum sulphate concentrations which 
resembled Stopanm’s materials Details of this 
expenment are set out m Table 11, where it is seen 
that the factor may be replaced by Ca++ or horse 
serum but not by A1+++ or denatured globm We 
have used much higher concentrations of Ca++ and 
A1+++ than did Stoppam, which may well explam 
the discrepancy (cf Fig 3) 

Table 1 1 E^eci of Ca, A1 and proteins on the succinic 
system prepared according to Stoppam (1947) 

(Enzyme preparation, rabbit hver (0 6 ml ), 1 ml 
‘factor’ (rabbit hver) 0 2 ml 1% cytochrome c (in 
all expenments), lO-^M methylene blue, 0 005m Aia,, 
OOOOjiCaCLj, 0 14% denatured globm, 0 3 ml horse 
serum 0 04m sodium succmate, 0 07 m phosphate buffer, 
temp , 39°, pH, 7 3 ) 


Oj uptake 
(/d./hr) 


1 Enzyme + succmate 3 

2 ‘Factor’ -t succmate 3 

3 Enzyme + ‘ factor ’+ succmate 124 

4 As 1 + Ca'*^' 

o As 1 +A1+++ g 

6 As 1 + serum gy 

7 As 1 -^denatured globm 21 

5 As 1 + meth blue 7 r 


Our experunents suggest that the activatmg 
material isolated by Stoppam contains no essential 
Imk in the catalytic system oxidizmg succmate, but 
comes ivitlun the category of mdifferent proteins 


However, smce Cj can only be detected or isolated 
after treatments which have an adverse effect upon 
the activity of the complete succmic system 
(e g sodium cholate or ether) the possibdity that it 
IS an artifact derived from other haem-protems 
(see p 214) must be seriously considered On the 
other hand, the function postulated for this sub- 
stance IS very similar to that put forward by 
Slater (see below) for a labile haem protem 
detected by him m heart muscle preparations, 
and it IS possible that the two ‘factors’ may be 
closely related 

(6) While studymg the effect of BAL (2 3-di- 
mercaptopropanol) on the succmic dehydrogenase - 
cytochrome system. Slater (1948, 1949) has obtamed 
a heart-muscle preparation exhibitmg mterestmg 
properties Although this preparation faded to 
catalyze the aerobic oxidation of succmic acid, it 
showed an almost unimpaired activity both of 
succmic dehydrogenase, as shown by the rate of 
oxidation of succmate m presence of methylene 
blue, and of the cytochrome system estimated by 
the oxidation m presence of cytochrome c of 
ascorbic acid, hydroqumone or p-phenylenedi- 
amme On addition of succmate to such a prepara- 
tion, cytochrome h becomes permanently reduced, 
whereas the other cytochrome components remam 
m the oxidized state, an effect resembhng that 
observed on addition of urethane to a normal pre- 
paration (Kedm & Hartree, 1939, 1940) On addi- 
tion of NajSgO^, the reduced components of cyto- 
clirome (a, Og, b, c) appear normal, although the 
total protohaematm content of the preparation, 
determmed by addition of pyridme plus HagSgOi 
and measurement of the mtensity of the haemo - 
chromogen band at 648-660 mfi, is 20 % below that 
of the heart preparation before treatment with 
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BAL Slater’s interpretation of these results is 
that the heart preparation contains a BAL-labile 
factor which is an intermediate m the electron 
transfer from cytochrome b to cytochrome c and 
which IS probably a haematm derivative Tlie 
system may be represented as follows 

Oj — cytochrome osidoso -t— a c 

The preparation obtamed by Slater shows some 
resemblance to two preparations that we obtamed 
by mcubatmg heart muscle oxidase either at pH 6 0 
or at a lugher pH m presence of pancreatm (Kedm 
& Hartree, 1940) In all cases there appears to be 
a lack of mteraction between the succmic dehydro- 
genase on the one hand and the cytoclirome 
system on the other We suggested that the impair- 
ment of the aerobic succmoxidase activity could be 
explamed, either by loss of a factor mtermediate 
between dehydrogenase and cytoclirome c or by an 
irreversible change m the collbidal structure of the 
preparation, with a consequent decrease m the 
mutual accessibdity of the catalysts m the system 

Although we cannot exclude the possibihty of the 
existence of several further mtermediate hnks 
between the known components of the succmic 
dehydrogenase cytoclirome oxidase system, we 
have seen that much of the evidence is mcon- 
clusive, and so far only that brought forward by 
Slater appears to be well foimded upon experi- 
mental evidence 

DISCUSSION 

The tissue preparations used for the study of the 
system catalyzmg the aerobic oxidation of succmic 
to fumaric acid consist of colloidal suspensions of 
protem aggregates In addition to the complete 
succmic dehydrogenase cytochrome system these 
preparations also contam fumarase together with 
small concentrations of catalase and certain dehy 
drogenases (e g mahc and lactic) , they are, however, 
free from haemoglobm and coenzymes I and II 
Bemg completely devoid of substrate, they have no 
Oj uptake, show cytochromes m a completely 
oxidized state and do not reduce methylene blue 
anaerobically After addition of sodium succmate 
the cytochromes rapidly become reduced and on 
aeratmg the mixtiue they re oxidize only to 
become agam reduced when aeration ceases The 
preparation wiU now take up rapidly and will 
reduce methylene blue anaerobically 

Spectroscopically the preparation shows the cyto- 
chrome components a,a^,h and c (Keilm & Hartree, 
1939) It also contains other forms of haematm 
which were premously described as free haematm 
(K.eihn, 1926), but which we now consider to be 
present as one or more haematm-protem derivatives 
(Keihn & Hartree, 1947 b) That such compounds are 
not visible spectroscopicallj’' may be due to their 
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diffuse absorption bands However, on treating 
these preparations with ISTajSjO^ and pyndine, 
the extra haematm becomes spectroscopically 
visible as pyridme haemochromogen, the a band 
of which IS clearly seen obhteratmg the space 
between the a bands of cytochromes 6 and c 

factor -f— b *-■ succmic dehydrogenase 

Smce the activity of the complete succmic 
system can be studied both spectroscopically and 
manometncaUy, we are able to localize the actions 
of a number of inhibitory or activatmg factors and 
to determme the mechanism of their action Turtlier 
analysis of this system can be made by mdepcndent 
study of the activities of its two portions Thus the 
activity of succmic dehydrogenase can be deter 
named either anaerobically by the rate of reduction 
of methylene blue, or aerobically, by the rate of Oj 
uptake m presence of methylene blue and of cj^amde 
which inhibits the cytoclirome oxidase The actmti 
of the cytochrome system can readily be followed 
manometncaUy by the rate of oxidation of sub 
stances which reduce cytochrome c directly,! e with 
out the need of specific enzymes Such substances 
are ascorbic acid, cysteme, phenols and aromatic 
amines 

"Wdiereas some factors act on one or other of the 
known components of the system others affect 
either some, as yet imdetermmed, mtermediate 
components, or the coUoidal structure of the pre 
paration which assures the mutual accessibihty of 
the components In any attempt to analyze the 
complex systems represented by our colloidal pre 
parations it is important to determme not only the 
pomt at which the factor reacts but also its mode of 
action Even if we confine our attention to inhi 
bitors we find that m some cases the mode of action 
IS easily demonstrated, while m others it requires a 
more thorough mvestigation Thus the powerful, 
instantaneous and perfectly reversible inhibition of 
the system by HCN, NaNg or HgS is due to their 
combmation with the tnvalent Fe of cytoclirome 
oxidase { 03 }, while the effect of CO depends upon its 
abihty to combme with oxidase Fe in the divalent 
state AU these reactions can be foUowed spectro 
scopicaUy (Keihn & Hartree, 1939) On the other 
hand,malonate (Quastel* Wooldridge, 1928),oxalo 
acetate (Das, 1937) and pyrophosphate (Dixon d 
EUiott, 1929, Leloir & Dixon, 1937) act as com 
petitive mlubitors of succmic dehydrogenase The 
relative afiuuty of this enzyme (E) for substrate (s) 
and inhibitor (t) determmed experimentally and ex 
pressed as a partition constant K= {_E'i\ [_8^l[Es'\ [ij 
IS about 13 for malonate, 23 for pyrophosphate and 
860 for oxaloacetate Spectroscopic study of enzyrae 
preparations shows that these mlubitors prei ent 
the reduction of all components of cytoclirome bj 
succmate 
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On the other hand the mechanisms of the mhibi- 
tion of this system by coenzyme I and by sodium 
diethyldithiocarbamate (DDC) are less direct and 
reqmre a more careful consideration The mlubition 
of aerobic oxidation of succmate by coenzyme I was 
first recorded by Potter (1939) We confiLrmed tins 
effect and found a marked inhibition at coenzyme 
concentrations as low as 0 6 x 10~®— 2 6 x 10~® m At 
first sight this inhibition could be ascribed to a 
direct reaction of coenzyme with some reactive 
groups of the dehydrogenase However, a study of 
tills reaction under varymg conditions revealed the 
foUowmg mechanism (Keilin & Hartree, 1940) 
Smce heart muscle preparations contam fumarase 
and mahc dehydrogenase, part of the fumarate 
arismg from the oxidation of succmate is trans- 
formed to malate which, m presence of coenzyme, is 
oxidized to oxaloacetate The latter, bemg neither 
reduced nor decarboxylated at an appreciable rate, 
acts as a competitive inhibitor of succmic dehydro- 
genase In fact, if the concentration of oxaloacetate 
reaches only 0 2 % of that of the succmate it would 
already inhi bit the O 2 uptake by > 60 % (see p 214) 
The study of the inhibition by DDC is of special 
mterest This substance is chiefly known as a re- 
agent for the colomnetnc estimation of copper and 
will act as an inhibitor of reactions catalyzed both 
by Cu++ 10 ns and by copper protem enzjunes such 
as polyphenol oxidase The inhibition by this sub- 
stance of the aerobic oxidation of succmate at first 
suggested the possibihty that a copper derivative 
participated m the reaction, However, a further 
study of this reaction clearly showed that the 
mlubition was not due to DDC itself but to its oxi- 
dation product tetraethyldithiocarbamyl disulphide 
(TDD) (C 2 H 5 ) 2 NCS SS SCN(C 2 H 5)2 derived from 
DDC through an oxidation catalyzed by the cyto- 
chrome system, smce DDC reduces cytochrome c 
(Keihn & Hartree, 1940) In fact it was found that 
vlule DDC mlubited succmate oxidation only after 
it had become oxidized TDD, m concentrations as 
low as 5 X 10~® and 2 y 10~^ m, mlubited O 2 uptake 
immediately to the extent of 70 and 100% 
respectively 

Smce the demonstration by Hopkins & Morgan 
(1938) that the activitj’’ of succmic dehydrogenase 
depends upon the mtegnty of certam — SH groups 
m the enzyme, the mechanism of action of a 
number of inhibitors has been explamed by their 
ability to combme with — SH groups or to 
oxidize them (see Potter & DuBois, 1943, Slater, 
1949) 

The actinty and behanour of the succmic system 
show considerable variations both with the tj^ie of 
tissue used and with the species of animal from 
M Inch it i\ as obtamed The effects of different 
factors, such ns phosphate concentration, natii e and 
denatured proteins and salts of a number of metals. 
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were tested both on fresh enzyme preparations and 
on vacuum-dried and frozen samples 

The study of the influence of phosphate concen- 
tration on the activity of a heart preparation has 
demonstrated a relationship between activity and 
the degree of coUoidal dispersion We have not 
attempted to express the degree of dispersion m any 
quantitative form, but have regarded the tune 
taken for the protems m a preparation to flocculate 
spontaneously and settle out under gravity as a 
rough measure of the degree of dispersion Thus the 
diluted heart-muscle extract described on p 206, 
which remains homogeneous for several hours, is 
regarded as completely dispersed Maximum dis- 
persion and enzyme activity are obtamed m 
0 16 m phosphate (pH 7 3) with an mcreasmg floccu- 
lation and faffing off m activity as the concentration 
deviates from this figure When the total salt con- 
centration remains constant and [phosph] is varied, 
an activatmg effect of phosphate is detectable and 
the occurrence of an optimum concentration is 
apparently due to two opposing influences pep- 
tization and saltmg out In our kidney preparation 
the former mfluence is absent, hence the activity 
mcreases contmuously with dimmishmg [phosph] 
A pomt of certam mterest is that fuUy active heart 
preparations can be obtamed m absence of phos- 
phate, glyoxahne replacmg phosphate durmg the 
extraction from the muscle and m the manometers 

We have shown that, contrary to the views of 
Bub & Szent Gybrgyi jun (1946), ATP does not 
activate, but shghtly inhibits the system oxidizmg 
succmic acid If any hnk exists between this 
system and ATP it must be mduect and may depend 
upon catalytic systems not present m our prepara- 
tions Moreover, even if the synthesis of ATP is 
l ink ed with the oxidation of succmate it does not 
logically follow that ATP should have any effect 
upon the activity of the succuuc dehydrogenase - 
cytochrome system 

The importance of colloidal structure for the 
activity of the complete system is clearly demon- 
strated by the fact that when [phosph] is reduced 
to a Buboptunal value, eg 0-07 m, the addition of 
denatured globm or of Ca++ or A1+++ brmgs the 
activity of the system to the level shown at the 
optimum [phosph] (Table 3) These additions give 
rise to bulky precipitates on which the enzyme pre- 
paration becomes adsorbed although similar, but 
less marked, effects are observed with proteins that 
remam m solution (Fig 2 and Table 4) The effect 
of denatured globm is even more strikmg m the 
cases of dried heart and dried kidaey preparations 
(Table 5 and Fig 4) Where the metals do not form 
bulky precipitates (e g m glyoxahne buffer) no 
activation is obtamed while a lack of activation m 
phosphate buffer by either protems or metals is 
observed if the enzyme preparation already consists 
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of a bulky flocculent precipitate as m the case of 
pigeon breast muscle (see Keilm & Hartree, 19476, 
table 2 , also Table 8 of tlus paper) 

We have seen that the activation of the system 
by proteins generally and by cytoclirome c may be 
of the same order of magmtude This naturally 
raises the question of the exact function of added c 
m our experiments That it acts as an oxido 
reduction catalyst and not as an indifferent pr otem is 
clearly demonstrated by the foUowmg observations 

(1) When cytochrome c is denatured by treatment 
with alkah it becomes autoxidizable and, at the 
same time, catalyticaUy mactive (Keihn & Hartree, 
1940) Such material fails to accelerate the Oj. 
uptake of a heart preparation oxidizmg succmate 
at a concentration equal to the optimal concen- 
tration of native c (Fig 2) 

(2) Unlike mdifferent proteins or metalhc ions, 
cytochrome c markedly mcreeises the rate of oxi 
dation of succmate by fresh kidney preparations 
(Table 6) 

(3) The above proteins and ions may activate some 
preparations to an equal or even greater degree than 
does cytochrome c However, the effects upon 
uptake mduced by the mdifferent activators and by 
c are additive or even synergic (Table 6) 

(4) Dned enzyme preparations from horse heart 
or kidney show a very low catalytic activity to- 
wards succimc acid The reactivation of a dned 
horse-heart preparation by denatured globm is 
usually greater than that produced by cytoclirome c 
However, when both substances are added simul- 
taneously, the resultmg activity is markedly greater 
tlian the sum of the activities m presence of each of 
these substances actmg separately The behaviour of 
such preparations can, however, vary quite widely 
(see p 209) A dned kidney preparation (Fig 4), 
which fails to oxidize succmate, cannot be reacti 
vated by proteins Some reactivation is obtamed 
with c, but methylene blue is more effective On the 
other hand, denatured globm and cytoclirome c 
added together will produce a very stnkmg mcrease 
m the activity of the dned preparation, and brmg it 
-almost to the level of activity of the fresh matenal 
with the same additions 

It WEIS previously shown (Keihn & Hartree, 1940, 
1946) that the catalytic activity of cytoclirome c 
witlim mtaet cells and tissues or their colloidal 
extracts is much greater than that of c added m 
soluble form The experiments described m tins 
paper lend considerable support to our view that 
the high activity of the succmic system m such 
extracts is due largely to the retention wit hin the 
colloidal particles of the favourable spatial organi- 
zation of catalj’sts characteristic of the cell On 
such a hypothesis the much lower catalytic activity 
of added c is understandable Moreover, the loss m 
actmty of a tissue preparation treated m different 
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ways, even when it can be made good by the addi- 
tion of c, IS less hkely to be due to loss of endogenous 
c them to changes m colloidal structure which 
dimmish the accessibihty of endogenous c to other 
components of the system The changes resultmg 
from the various treatments can be reversed, and 
the system as a whole reactivated by addition of 
factors havmg an influence on the coUoidal struc 
ture, such as proteins, ions yieldmg insoluble 
phosphates, and cheinges m [phosph] An explana- 
tion of this reactivation can only be proposed m very 
general terms Thus the factors may be responsible 
either for reorientation of the components, especi- 
ally of endogenous cytochrome c, witlun the col- 
loidal particles or for providmg new reactive 
surfaces to which catalysts, m particuleir exogenous 
c, may become anchored On these grounds the 
wide variations m response to these factors from 
one preparation to another are understandable 
The more or less complete loss of accessibihty of 
cytochrome c may show different degrees of reversi- 
brhty In the extreme case of the dried kidney 
preparation the removal of c from the sphere of 
influence of other components is almost irreversible 
smce it IS impossible to reactivate the succmic 
system by addition of Ca++ or proteins, and, further 
more, added c cannot be utdized catalyticaUy unless 
such factors are also added This preparation is of 
special mterest smce it resembles those obtamed by 
several workers m their attempts to demonstrate 
the existence of new mtermediary links between 
succmic dehydrogenase and cytochrome c Such 
preparations share the property of being more 
strongly activated by methylene blue than by 
cytoclirome c, and of bemg very highly activated 
when the latter is supplemented by another factor 
isolated from the same tissue Although we have 
seen that it is not necessary to postulate the absence 
from the dried kidney preparation of a specific link 
m the succmate oxidizmg system, one cannot rule 
out the possibihty that one or more additional links 
between known components of the succmic de 
hydrogenase cytochrome system do, m fact, exist 
However, we have shown that the evidence brought 
forward is madequate m aU cases with one possible 
exception The only reasonable evidence is that of 
Slater (1948), who postulates a specific hnk, probably 
of haematm nature, actmg as an oxido -reduction 
carrier between cytochromes h and c So far this 
conclusion is based solely upon an irreversible 
destruction of the factor and not upon its separa- 
tion from an active preparation 

The activatmg effects that we have obtamed may 
be summarized as foUows Marked changes m cata- 
lytic activity are associated with the mtroduction of 
bulky precipitates If such precipitates are formed 
by addition of metalhc salts givmg gelatmous phos- 
phates, or of protems, an mcrease in activity may 
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be observed If, on the other hand, precipitates are 
formed from the enzyme material itself there is 
generaUy a loss of activity (e g freezing or drymg) 
Lost actmty can frequently be restored by forma- 
tion of precipitates of the activatmg type 

Treatments winch reduce the actmty bj’- modi- 
fymg the colloidal structure may (1) make endo 
genous cytoclirome c unavailable or (2) make both 
endogenous and added c unavailable to the rest of 
the sj^em It is because the latter effects maj”- often 
be reversed by mdifferent proteins that claims for 
the existence of new ‘hnlvs’ m the succmic system 
have been made Sunilarly, actn ation by Ca++ of 
our preparation is not due to an accelerated 
removal of coenzyme I 

Previous evidence for new Tmks’ and for the 
function of Ca++ was m each case based upon one 
type of preparation which was studied mider a 
fixed set of conditions Our results, howe\ er, show 
that a shght modification of these conditions may, 
through changes m colloidal structure, lead to 
fimdamentaUy different results 

We may fittmgly conclude by quotmg from an 
earher paper on the same subject (Keihn & Hartree, 
1940) ‘The succmic dehydrogenase cjdoclirome 
system even m the cell-free colloidal preparations 
behaves as a true respiratory sjmtem of the cell, 
showmg a high catalytic activity and bemg affected 
by aU mlubitors m the same way and to the some 
degree as the normal respiration of mtact cells Tlie 
efficiency of the system depends, however, not only 
on the mtegrity of its components, but also on that 
of the colloidal structure which supports them and 
assures their mutual accessibihty ’ 

SUMMARY 

1 A study of the succmic dehydrogenase cyto 
chrome system m various types of tissue extract 
has been made, with special reference to the effect 
of coUoidal structure on enzyme activity 

2 Heart-muscle preparations show optimum 
activity m 0 16 M-phosphate, at lower phosphate 
concentrations addition of protems or certam 
metafile ions raises the activity to the optimum 
level In this respect insoluble denatured proteins 
are the most effective The activity of these pre 
parations falls considerably after freezmg, but it 
can be restored by addition of cytochrome c The 
pronounced loss of activity that accompames 
vacuum drymg can be fully reversed only by addmg 
both cytochrome c and either protems or certam 
metal salts 

3 Ehdney preparations are feebly active unless 
cytochrome c is added They are vutuafiy mactive 


after vacuum drymg, but can bo restored to full 
activity by addition of both cytochrome c and 
protom, although oach added separately has very 
little effect The activity of those preparations falls 
as the buffer concentration is increased, there is no 
optimum concontration 

4 The activation by metals is obtained m 
phospbato buffer, vhcio gelatinous precipitates arc 
formed, but not m glyoxahno buffer 

6 It IS considered that the catalysts in the 
colloidal particles, as in the intact colls, are more or 
less rigidl 5 ’- hold together v\ itliin a framework v Inch 
ensures their mutual accessibility and a consequent 
high catnljdic actmty Any change m colloidal 
structiue mil therefore modify tlio overall actmty 
mthout necessarily removing or clostrojung any 
indmdual eatalyst 

6 The mhibitorj’^ effects of frco/ing, dr 3 ’-ing, 
extreme [phosph], are intimately boimd up with the 
formation from the oiiz^uno material of fiocculont 
precipitates and a consequent decrease m mtor- 
availabihty Actuation, however, arises v\hon 
flocculent precipitates of foreign materials (pro- 
teins, gelatinous phosphates) are formed m the 
medimn Such material provides now surfaces upon 
which reorientation can take place Since the pigeon 
preparations already consist of flocculent material 
they do not imdergo activation 

7 It has been clearly demonstrated that added 
cytochrome c acts m these experiments sololj’’ os an 
oxido-reduction catalyst and not os a protein 
affecting the colloidal structure 

8 The various claims to have demonstrated the 
existence of new ‘ Imlvs ’ m the succmic sj'stom (com- 
prismg dehydrogenase, cytocliromes b, c, a and Uj) 
hove been examined m detail All are showm to be 
based upon insufficient evidence except that of 
Slater (1948), who has produced reasoned arguments 
m favmur of an oxido reduction catalj’^st Imkmg b 
and c 

9 Smee our preparations are devoid of co- 
enzyme I the view that its activation bj’’ Ca++ arises 
from an accelerated decomposition of this coonzjme, 
as 13 the case with fresh homogenates, is imtenable 
Furthermore, Ca++ is ineffective with certam types 
of tissue preparation 

10 Two types of factor (activating or inhibiting) 
can be distmgiushed They may function either by 
reactmg specifically with a catalyst m the system 
or by affectmg the colloidal structure of the enzyme 
material Activation of the latter type has often 
been mismterpreted as evidence for additional 
carriers or ‘hnlm’ m the succmic dehydrogenase- 
cytochrome system 
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The Component Acids of some Seal Blubber and Liver Fats 


By T P HTLDITCH and S P PATHAK 
Department of Industrial Chemistry, University of Liverpool 
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The fatty oils of seals have received httle detailed 
investigation, but their general analytical charac- 
teristics as recorded m the hterature (cf Halden & 
Grun, 1929) reveal considerable variations in the 
blubber oils, iodine values from 122 to 163 havmg 
been reported This unusually wide range is reflected 
in the two specimens of seal blubber oil which have 
so far been exa min ed m greater detail, namely, a 
commercial sample (probably of Newfoimdland 
origm) with an lodme value of 135 8 (Burke & 
Jasperson, 1944) and the blubber fat of a grey 
Atlantic seal {Halichoerus grypus) caught off the 
coast of Pembroke, with an lodme value of 162 2 
(Hil ditch & Pathak, 1947) The chief differences 
observed m the detailed analyses of these two seal 
oils consisted m variation m the proportions of 
unsaturated Cjo acids, unsaturated acids, and 
unsaturated Cjo acids 

When Prof A N W'^orden of the TJmversity College 
of Wales, Aberystwyth (who had very kmdly put 
material from the grey Atlantic seal at our disposal 
earlier), informed us that similar specimens from 
two common seals {Plioca mtulina L ) were to be 
a\ ailable, it was felt desirable to undertake similar 
cxammation of their blubber and h^ er hpids m 


order to add to the somewhat meagre knowledge of 
the fatty acids present m the fats of members of 
this farnily Prof Worden was accordmgly good 
enough to secure for us samples of blubber and of 
hver from two common seals taken off the Norfolk 
coast m July 1947, the hpids from which were 
extracted and ex amin ed m our laboratory 

METHODS 

The tissues (blubber or liver) were out into small pieces and 
extracted exhaustively with hot acetone until no further 
hpid was removed The matenal left after removal of the 
acetone was taken up m hght petroleum (b p 40-60°), the 
solution separated from the water which had also been en 
trained by the acetone, and the hpids reeovered The hver 
hpids contamed appreciable quantities of phosphatides as 
well as glycerides, arfd these were separated by keepmg their 
acetone solutions at 0° for several days, when the phos 
phatides were preeipitated The component fatty acids of 
the blubber ods and (so far as the quantities available per 
nutted) of the hver glycerides and phosphatides were de 
ternuned by the methods used in our earher work (Hilditch 
A Pathak, 1947) on the blubber and hver oils of the grey 
Atlantic seal These are bnefly as follows 

(o) The mixed fatty acids from the od were first partly 
resoh ed by crystallization from acetone and from ether at 
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low tempernture Crj'stfiUizatiou from 10% solution lu 
acetone at -60° left in solution nearly all of tho polj, 
ethenoid acids of the C.,, and Co. senes, nith some oleic and 
much of the hexadocenoic acid, m one mstanco further 
quantities of the more imsaturated aoids uere obtamed by 
subsequent recrystaUization from acetone at - 00° of the 
insoluble and soluble portions obtamed in the first crystal 
hzation In aU mstances the acids finally loft insoluble m 
acetone at -60° were crystaUized from 10% solutions in 
ether at -40°, when matenal of very low lodino value vas 
deposited, leavmg m solution a concentrate of mainly 
monoethenoid acids, acoompamed by small amounts of 
saturated acids and polyethenoid acids of tho Cj,, senes 
(b) Each group of acids thus obtamed was separately 
converted mto methyl esters, which uero fractionallj' 
distilled m a vacuum through an eleotncaUy heated and 
packed column From the lodme values and equivalents of 
the resultmg ester fractions the compositions of tho latter 
were calculated by methods which have been descnbed 
elsewhere (Hdditch, 1947) The mean unsaturation, ex- 
pressed by the fractional number of hydrogen atoms short 
of saturated, eg - 2 0 (monoethenoid), was detemuncd by 
mterpolation or extrapolation from the respective ester 
fractions m each group fiem which the mean eqmvalcnt of 
each of the homologous ester groups (Cj, , Cu , Cjo and C,,) 
follows In this manner the fatty acid composition of each 
separated group of fatty acids, and thence that of tho 
ongmal seal blubber or hver hpid, was finally obtamed 


RESULTS 

The animals from which the hpids were obtamed 
were I, a female about 2 or 3 weeks old, 916 mm 
long (snout to tip of tail), girth at axdla 610 mm , 
U, a yearhng male, 1020 mm long, girth at axilla 
736 mm The specimens will be referred to as I and 
H throughout this paper 


Blubber mis 

The blubber fats were almost wholly glycendic 
and contamed no phosphohpids separable by de- 
position from acetone at 0° They were pale yellow 
oils with the foUowmg analytical characteristics 



Od of 

Od of 


seal I 

seal n 

lodme value 

140 0 

146 4 

Saponification equivalent 

289 0 

292 3 

Free fatty acid (as oleic) (%) 

02 

01 

Unsaponifiable matter (%) 

0 1 

03 

Component aeids of blubber 

oil from seal I The 


mixed fatty acids (186 g ) were crystallized first 
from acetone at —60°, the deposited acids then 
bemg further crystaUized from ether at — 40° 


Group Descnption 

A Insoluble m ether at - 40° 
B Soluble m ether at - 40° 

0 Soluble m acetone at - 60° 


Weight 

< \ lodme 

(S ) (%) value 

26 7 13 8 4 9 

75 4 40 6 99 6 

84 9 45 6 218 1 


The ester fractionation data for the methyl 
esters of each of these three groups of acids are 
summarized m Table 1, and the values aUotted to 
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Table 1 acl^onation of methyl esters of 
seal I blubber oil acids A, B and C 



Weight 

Saponification 

lodino 

Fraction 

(g) 

cqun alcnt 

1 aliio 


Mctlijl esters of acids A 


.41 

2 89 

217 0 

04 

A2 

3 73 

209 0 

I 9 

.43 

3 60 

200 8 

2 1 

.44 

3 60 

271 5 

28 

A5 

3 77 

271 9 

30 

A6 

3 61 

282 0 

30 

A7 

3 64 

313 5* 

23 9 


24 00 




Methyl esters of acids B 


B1 

2 82 

254 2 

62 2 

B2 

4 20 

200 8 

85 9 

B3 

4 00 

200 9 

88 1 

Bi 

3 87 

273 0 

88 4 

B5 

5 11 

280 7 

88 0 

BG 

5 30 

294 3 

88 0 

B7 

5 64 

295 1 

89 0 

B8 

4 99 

290 2 

89 2 

B9 

3 98 

200 8 

92 3 

BIO 

3 73 

306 7 

92 9 

1511 

3 26 

313 1 

1174 

B12 

3 06 

321 3* 

162 8 


50 60 




Methyl esters of acids C 


Cl 

412 

247 1 

92 1 

C2 

3 28 

208 4 

99 7 

C3 

3 90 

270 1 

103 2 

C4 

4 68 

275 7 

109 7 

C6 

4 OS 

281 7 

120 5 

CO 

3 86 

283 3 

123 0 

C7 

3 92 

285 2 

125 0 

C8 

3 62 

287 1 

161 0 

C9 

4 09 

311 1 

230 7 

CIO 

6 16 

330 9 

330 7 

Cll 

4 68 

336 1 

380 0 

C12 

4 60 

338 6 

373 5 

C13 

3 10 

340 8* 

334 7 


63 79 



* Equnalents of esters (freed from 
matter) A7, 303 7, B12, 314 0, C13, 342 7 

unsaponifiablo 


Table 2 Equivalents, iodine values and mean im- 
saturafion employed in caloulalmg the composition 
of unsaturatsd methyl ester fractions from groups B 

CLThQi C 


Methyl 
esters 
of acids 


Cl4 

Cl 


Saponification lodme 

equivalent laluo 


240 0 
268 0 
296 9 
321 6 


Group B 
106 8 
94 8 
901 
173 8 


Cl8 


240 0 
267 9 
294 0 
319 0 
343 0 


Group C 
106 8 
99 6 
172 8 
270 3 
407 3 


Moan 

unsaturation 


- 20 
- 20 
- 21 
- 44 


- 20 
- 21 

- 40 

- 70 
-11 0 
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the various homologous groups of imsaturated 
Ci8> Cjg, Cjo and acids m each senes are shown 

m Table 2 

The percentage composition (by weight) of each 
group of acids was then calculated, and therefrom 
the composition of the total fatty acids of the 
blubber oil (Table 3) 

Component acids of blubber oil from seal II In 
this case the first crystaUization of the mixed fatty 
acids (236 5 g ) of the oil from acetone at — 60'* 
caused 90 9 g (lodme value 70 1) to be deposited, 
and left m solution 144 6 g (lodme value 202 8) 
The latter acids, on repetition of tins process 
(acetone at — 60°), deposited 40 7 g {D, lodme 
value 84 1) and left m solution 103 9 g (E, lodme 
value 260 2) The acids deposited m the ongmal 
crystallization were also recrystalhzed from acetone 
at — 60°, when there were left m solution 20 1 g 
{C, lodme value 146 3), and 70 8 g (lodme value 
47 0) were deposited and then crystaUized from 
ether at — 40° This led to the separation of 32 6 g 
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(A, lodme value 2 6), leavmg m solution m the ether 
38 3 g [B, lodme value 84 4) 

There were thus obtamed the followmg five groups 
of acids, each of winch was methylated and frac 
tionally distilled m the usual maimer 

Weight 


lodme 


Group 

'(g) 

(%)' 

value 

A 

32 5 

13 8 

26 

B 

38 3 

16 3 

844 

G 

20 1 

86 

145 3 

D 

40 7 

17 3 

841 

E 

103 9 

441 

260 2 


It IS perhaps unnecessary to devote the space 
required for the presentation of the detailed ester 
fractionation data (as mTable 1) and it is, therefore, 
proposed only to quote the fatty acid compositions 
finally obtamed for each of the five groups of acids 
{%, w/w) and, therefrom, of the total fatty acids of 
the seal n blubber oil (Table 4) 


Table 3 Component acids in groups A, B, C and in the whole seal I blubber oil 


Component acids m groups 

^ Fatty acids m the whole oil 



A 

B 

C 

i 

A 



(13 8%)* 

(40 6%)* 

(46 6%)* 



Mean 

Aoid 

(%)t 

(%)t 

(%)t 

(%. 

(%, by mol ) 

UDsaturat 

Mynstic 

9 7 

1 6 

09 

24 

29 

— 

Palmitic 

65 0 

32 

— 

10 3 

11 1 

— 

Steanc 

16 6 

06 

— 

26 

24 

— 

Axachidic 

22 

— 

— 

03 

03 

— 

Unsaturated Cn 

Trace 

1 9 

47 

29 

38 

- 20 

Unsaturated Cjo 

1 6 

28 5 

30 4 

25 7 

27 8 

- 21 

Unsaturated Cia 

3 3 

61 8 

243 

32 6 

31 8 

- 27 

Unsaturated Cjo 

1 2 

12 3 

16 2 

12 1 

10 8 

- 69 

Unsaturated C 22 

— 

— 

244 

112 

93 

-11 0 

Unsaponifiable 

06 

0 1 

0 1 

— 

— 

— 


* Group as % (w/w) of total od Component acids as % (w/w) of group 


Table 4 Component acids in groups A—E and in the whole seal II blubber oil 

Component acids m groups 


Fatty acids m 



A 

B 

C 

D 

E 

whole oil 



(13 8%)* 

(16 3%)* 

(8 5%)* 

(17 3%)* 

(441%)* 

-A 

( 


Acid 

(%)t 

(%)t 

(%)t 

(%)t 

(%)t 

(%, w/w) (%, 

by I 

Mynstic 

66 

26 

20 

1 6 

1 0 

22 

27 

Palmitic 

58 3 

68 

33 

7 3 

— 

10 6 

114 

Steanc 

28 7 

2 1 

14 

0 1 

— 

44 

43 

Arachidio 

2 3 

— 

— 

— 

— 

03 

03 

Unsaturated Cu 

Trace 

2 5 

34 

20 

2 6 

2 2 

27 

Unsaturated Cje 

1 0 

141 

32 1 

28 1 

242 

20 8 

22 7 

Unsaturated Cjj 

2 1 

66 2 

33 2 

49 7 

26 2 

33 7 

33 2 

Unsaturated C.o 

0 7 

66 

22 7 

11 2 

19 4 

13 6 

12 4 

Unsaturated C.. 

— 

— 

1 6 

— 

27 2 

12 2 

10 3 

Unsapomfiable 

04 

03 

04 

0 1 

04 

— 

— 

Mean unsaturation of 








Unsaturated Cu 

-20 

-20 

- 20 

- 20 

- 20 

- 20 

— 

Unsaturated Cic 

-2 0 

-20 

- 20 

- 20 

- 2 1 

- 2 1 

— 

Unsaturated Cu 

-20 

-20 

- 26 

- 20 

- 30 

- 24 

— 

Unsaturated Cjo 

-2 0 

-6 0 

- 76 

- 46 

- 80 

- 72 

— 

Unsaturated C.. 

— 

— 

-110 

— 

-11 0 

-11 0 

— 

* 

Group as 

% (w/w) of total od t Component acids as 

% (w/w) of group 
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' Liver liprds 

Seal 1 The moist hver tissue (338 g ) yielded to 
acetone a total quantity of 14 6 g of hpids soluhle 
in hght petroleum, and contamed 249 g of "water 
The dry liver tissue thus contamed 16 4% of hpids 
(4 3 % on the moist tissue) These -were dissolved m 
ten tunes then weight of acetone, and the solution 
left at 0° for some weeks, when 3 4 g of stickj’’ dark- 
hro"wn material (phosphatides) were precipitated, 
lea-vmg m solution 11 2 g of glycendic oil 

PJwsphaiides (crude) thus formed about 23% of 
the hver hpids The amount available was too small 
to permit any exammation of the fatty acids 
present The material contamed 4 7 % P and 
1 9%N (P N ratio, 1 1 1) 

About 77% of the seal hver hpids consisted of 
glycerides which, however, contamed 18 6% of un- 
saponifiable matter A portion (7 25 g ) of the liver 
glyceride mixed fatty acids, from which unsapomfi- 
able matter had been removed, was crystallized 
first from acetone at —60'’, the deposited acids 
bemg further crystallized from ether at — 40“ From 
the lodme values of the tliree fractions so obtamed 
an approximate estimate of the saturated, mono- 
ethenoid and polyethenoid acids present was derived 
(assummg average lodme values of 90 and 350 re- 
spectively for the monoethenoid and polyethenoid 
materml) 

, X lodme 

(K ) (%) Equivalent value 


(i) Insoluble m ether 
at -40° 

1 77 

244 

270 7 

14 2 

(u) Soluble m ether 
at -40° 

1 48 

204 

289 3 

88 9 

(m) Soluble m acetone 

400 

65 2 

3121 

267 0 


at -60° 

from which IS calculated 


Approximate component acida 
(expressed as % of total acids) 


Saturated 

Monoethenoid 

Polyethenoid 

20 6 

39 

_ 

03 

201 

— ■_ 

— 

17 7 

37 5 

20 8 

417 

37 6 


The component acids of the seal I hver glycerides 
consisted, therefore, of about 20% saturated acids 
and about 40% each of monoethenoid and poly- 
ethenoid fatty acids 


Seal II The moist hver tissue (409 g } yielded 
acetone 43 6 g of hpids soluble m hght petroleum 
1 e 10 7 % on the moist tissue The moisture conten 
of the latter is unfortunately imcertam, but thi 
hpid content of the dry tissue must have been o 
the order of at least 60% Thus the hver of th 

^ «onten 

either that of the common seal I or that of tli 


grey seal studied earlier (Hilditch Ai Pathak, 194/), 
and the subsequont examination slioivod that the 
increase m lipid content was u holly duo to liver 
glycerides the crude liver hpids (43 6 g ), after 
keeping in acetone solution at 0“ for somo weeks, 
deposited 2 3 g of crude phosphatidic material, and 
left in solution 41 3 g of glyconchc oil 

Crude phosphatides thus formed only 6 % of the 
total hver hpids, and, again, wore too small in 
amoimt for their fatty acids to bo examined The 
crude material contained 2 4% P^ and 1 0% N 
(P N ratio, 1 06 1) 

The crude glycerides contained 9 7 % of iinsapom- 
fiable matter, so that the actual glycorido content of 
the liver hpids urns about 86% (as compared ivith 
about 63% m the liver hpids of seal I) After 
removal of the unsaponifiablo matter, the quantity 
of glycendic mixed fatty acids (32 6 g ) available 
nos sufficient for approximate analysis bj’’ ester 
fractionation (Table 6) The acids w'oro first resolved 
mto two fractions bj' ciystallization from ncetono 
at -60° 




, X. 


Iodine 

Group 

Description 

(g) 

(%) 

\nhic 

A 

Insoluble m acetone 
at -00° 

16 3 

50 0 

67 7 

B 

Soluble in ncetono 
at -60° 

16 3 

60 0 

299 4 


Table 5 Fractionation of methyl esters of seal II 
hver glyceride fatty acids A and B 



Weight 

Saponification 

Iodine 

Fraction 

(g) 

cquu alent 

■\nluo 


Methyl esters of acids A 


A1 

2 16 

209 3 

15 5 

A2 

1 77 

270 2 

23 G 

A3 

2 68 

283 9 

30 3 

A4 

3 21 

208 2 

001 

A6 

2 84 

290 6 

72 6 

A8 

3 20 

316 3* 

90 6 


16 76 




Jlethyl esters of acids B 


A1 

1 31 

268 1 

87 3 

B2 

2 46 

298 4 

160 9 

B3 

2 84 

314 5 

294 5 

B4: 

3 06 

326 3 

328 4 

B5 

244 

338 8 

373 7 

B6 

334 

349 4* 

300 6 


16 94 




* Equivalents of esters (freed from unsaponifiablo 
matter) A 6, 310 8, A 6, 344 3 


The unsaturation of the homologous esters m 
group B was estimated to be as follows 


Methyl esters Saponification 
of acids equivalent 
Cis 268 0 

Ci8 294 6 

Cjo 318 0 

Cl. 343 0 


Iodine Mean 

value unsnturation 
94 8 - 2 0 

151 0 - 3 6 

3192 SO 

407 3 -no 
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The fatty acid composition (%, w/w) of groups 
A and B, and thence those of the total fatty acids 
m the seal II hver glycerides, based on the ester- 
fractionation data m Table 5, are shown m Table 6 


At first sight it would appear that, as might be 
expected, the compositions of the fatty oils &om 
the two common seals, taken at the same tune m the 
same area, are not very different Actually the only 


Table 6 Component acids in groups A and B, and in the whole seal II liver glycerides 


Component acids in groups 



A 

B 

Patty acids m whole od 


(60 0%)* 

(50 0%)* 

f 




Acid 

(%)t 

(%)t 

(%. 

w/w) 

(%, by mol ) 

Mynstic 

03 

02 

02 


03 

Palmitic 

22 1 

07 

11 4 


12 9 

Steanc 

16 4 

— 

7 8 


79 

Aracludio 

03 

— 

0 1 


0 1 

Unsaturated Cu 

6 8 (-2 0)t 

104 (- 2 0)t 

8 6 ( 

- 2 0)t 

9 8 

Unsaturated Cij 

40 4 (-2 0) 

. 16 1 ( - 3 6) 

27 9 ( 

-2 4) 

28 7 

Unsaturated Cjo 

14 3 (-2 0) 

32 9 ( - 8 0) 

23 7 ( 

-6 2) 

22 6 

Unsaturated C 22 

— 

40 4 (-11 0) 

20 3 ( 

-110) 

17 8 

Unsaponifiable 

04 

03 

- 

- 

— 


* Group as % (w/w) of total od 
t Component Acids as % (w/w) of group 
j Mean unsatnration 


DISCUSSION 
Seal blubber oils 

The data obtamed m the course of the present work 
are most usefully considered m conjunction with 
the detailed component acid figures which have 
been given for other seal blubber oils, namely, the 
grey seal (Hilditch & Pathak, 1947) and the mixed 
specimen of seal od probably from Newfoundland 
or the north eastern Atlantic seaboard (Burke & 
Jasperson, 1944) The percentages by weight of the 
component acids of all four oils are collected m 
Table 7 


significant difference is m the somewhat greater 
proportion of unsaturated (hexadecenoic) Cja acids 
m the oil of seal I, wluch is ofiset by mmor decreases 
m unsaturated Cjj, Cjo and C 22 acids and m stearic 
acid as compared with the oil of seal H The mean 
unsaturation of the Cjo acids m the oil of seal II is 
defimtely greater than m the oil of seal I Apart 
from these pomts, however, the two oils are not dis 
similar the cluef component is the unsaturated 
Ci 3 group (about 33 % of the total acids, and largely 
oleic acid) fofiowed by about 21—26% of hexadece 
noic acid, saturated acids, especially pabmtic acid, 
are remarkably constant not only m these two ods, 
but m all four seal oils quoted m Table 7 


Table 7 Component acids (%, w/w) of seal blubber oils 



Common 

Common 

Grey 

Newfoundland (?) 


seal I 

seal H 

seal 

seal 

Iodine value of oil 

140 0 

145 4 

162 2 

ms 

Acid 

Mynstic 

24 

22 

37 

61 

Palmitic 

10 3 

10 6 

10 6 

10 7 

Steanc 

2 6 

44 

20 

1 3 

Araohidic 

03 

03 

— 

0 6 

Unsaturated 

29 

22 

1 6 

1 8 

Unsaturated Cjj 

26 7 

20 8 

15 6 

10 6 

Unsaturated Cu 

32 6 

33 7 

30 8 

39 6 

Unsaturated Cjo 

12 1 

13 6 

16 6 

17 6 

Unsaturated 

11 2 

12 2 

18 1 

10 6 

Unsaturated C., 

— 

— 

1 3 

2 1 

Mean unsaturation of 

Unsaturated Cj, 

- 2 1 

- 2 1 

- 22 

- 2 1 

Unsaturated Cj, 

- 27 

- 24 

- 27 

— 2 4 

Unsaturated C,,, 

- 69 

- 72 

- 67 

— 6 6 

Unsaturated Cj, 

-11 0 

-11 0 

-10 6 

- 93 

Unsaturated C,^ 

— 

-11 0 

-109 



223 


Yq^ SEAL BLUBBER 

It 18 only when comparison is made with the 
earlier results that it appears that the component 
acids of different seal blubber oils may vary to a 
considerable degree. The grey seal belongs to a 
different genus of the family, whilst the biological 
source of the Newfoundland od cannot of course be 
given with any certamty Wulst species differences 
may well account for at least part of tlie difference 
in composition between the blubber oils of the grey 
seal and the common seal, it is noteworthy that in 
these four oils we have a marked range of variation 
in some of the component acid groups, and that this 
is most evident m the hexadecenoic acid group, 
which hes between the extremes of about 10 and 
26 % of the total acids In tliree of the four oils the 


AND LIVER EATS 

16-26%) and polyethenoid acids of the Cno and Coo 
series (23-30%, moan unsaturation of the Coo acids 
about — 6 to — 6 U, and of tho C^o acids 10 to 
-IIH) 

Seal hver hpids 

The liver tissue of tho seal contains only a low 
proportion of hpids, winch consist of glycerides and 
phosphatidos m varying proportions Tlio hver of 
the common seal II apparently contamod more 
lipid (glycerides) than tho average, and in this 
instance we were able to make an estor fractionation 
anal> sis of the hver-glyceride fatty acids Compara- 
tive figures for the hver hpids of tho common seal 
and of the grey seal are collected m Table 8 


unsaturated Cjg (mainly oleic) acid content is 
similar, but m the Newfoundland od, with lowest 
misaturated acid content, the percentage of the 
unsaturated Cig group rises to nearly 40% of the 
total acids S imil arly, whilst the combmed content 
of unsaturated Cjo and Cja (and Cj4) acids m the 
blubber ods of the common seal is about 23-26 %, 
this rises m the grey seal od to 36%, m the New- 
foundland od the unsaturated Cjo acid group is 
simdarly high, but the unsaturated Cja group is stdl 
at the level observed m the common seal oils 
Apart from the Cj,, acids m seal od II (already 
mentioned), the mean unsaturation of the various 
senes of acids appears to remam fairly constant m 
all the ods, irrespective of the variations m their 


Table 8 Composition of seal liver hpids 


Common Common Grey 
Bcnl I seal II seal 


Total bpid content of h% cr 

43 

10 7 

2 

(moist) (%) 

Composition of hver hpids 
(%, w/w) 

Phosphatidos (crude) 

23 

5 

29 

Glycendes 

63 

86 

60 

Unsapomfiable matter 

14 

9 

21 

Approximate composition of h\ or 
glycende fatty acids (%, w/w) 
Saturated 

20 

20 

37 

Monoethenoid 

40 

38 

46 

Polyethenoid 

40 

42 

17 


proportion to winch attention has just been drawn The composition of the hver hpids thus appears 
In the only other group of marme mammahan to be somewhat variable, mth a ratio winch perhaps 
blubber oils — ^those of the Balaemdae — which have m normal seal livers is of the order of two or three 


been studied to any extent, there are fairly well- 
defined differences m the proportions and average 
unsaturation of the different groups of component 
acids as between different genera and species of 
whales , but a number of mdependent specimens of 
Antarctic whale od taken m different years show 
closely sundar fatty acid compositions So far as the 
few instances discussed above go, the conclusion may 
be hazarded that the blubber ods produced by dif- 
ferent species of seal vary more widely m composi-. 
tion between themselves than those produced by 
different groups of the whale famdy The present 
results may perhaps mdicate further that the 
blubber fats of one and the same species of seal tend 
to exhibit more variation m composition than those 
from a smgle species of whale This, agam, may be 
connected with the diet of the seal, which is likely 
to be much more variable than that of the whale 
It IS accordmgly not easy to assign any very 
general characteristics to the component acids of 
seal blubber ods, except that then content of 
saturated acids is usually about 18% (10-11% 
palmtic acid), that unsaturated G,, (mainly olem) 
acid forms about 33% of the total acids, and that 
the rest is made up of unsaturated 0,^ acids (about 


parts of glyceride to one of phosphatide The com- 
ponent" acids of the hver glycerides of the grey seal 
which we exammed earlier (BQlditch & Pathak, 
1947) were much less unsaturated than those of the 
correspondmg blubber od or of the hver glycerides 
of the common seal which we have now studied, 
and contamed much less polyethenoid acids and 
nearly twice as much saturated acids as either of 
the latter The detailed component acid figures for 
the hver and blubber glycerides of the common seal 
n are compared m Table 9 


Table 9 Component acids of the liver and blubber 
glycerides of common seal II 


Acid 

Mynstio 
Palmitio 
Steano 
Arachidio 
Unflaturated Cjj 
Unsaturated Cje 
Unsaturated Cu 
Unsaturated 
Unsaturated Cj, 

* 


Liver 
(%. w/w) 

02 
11 4 
78 
0 1 

8 6 ( - 2 0 )* 
27 9 ( - 2 4) 
23 7 ( - 6 2) 
20 3 ( - 11 0) 


Blubber 

(%. Ww) 

22 
10 0 
44 
03 

2 2 ( - 2 0 )* 
20 8 ( - 2 1 ) 
33 7 (- 2 4) 
13 6 ( - 7 2) 
12 2 (- 110 ) 


Mean unsaturation 
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The hver glycerides contained considerably less 
hexadecenoic acids, somewhat less oleic and poly- 
ethenoid Cja acids, and considerably more poly- 
ethenoid Cjj and acids , the degree of unsatura- 
tion of the unsaturated components was similar m 
both hver and blubber glycerides No comparable 
data are available for the hver and blubber glycer- 
ides of the whale or any other marme ma mm al, 
whilst s imil ar comparisons m a number of fish 
species seem to mdicate that no generahzation can 
yet be made Thus, m the sturgeon (Lovem, 19326) 
and groper (Shorland & Hilditch, 1938) there is less 
fat m the hver than m the peritoneal cavity and 
pancreas (sturgeon) or the head (groper) , but the 
component acids of hver and depot fats are s imil ar 
m composition m the respective fish Tins also 
obtains m the tunny (Lovem, 1936), m which the 
liver and flesh contam about the same proportion 
of fat On the other hand, m hahbut and turbot 
(Lovem, 1932 a, 1937) the hver is the mam fat 
depot, and the flesh contains but httle fat m both 
of these instances the unsaturated acid contents 
of the hver glycerides are much higher, and the 
amount of polyethenoid and Cjj acids mucli 
lower, than m the correspondmg flesh fats This lack 
of correlation stands m contrast to the fats of lamd 
animals m which (Hilditch & Shorland, 1937) the 
hver glycerides are distmguished by definitely 
lower contents of stearic acid, and higher contents 
of hexadecenoic and of polyethenoid acids of the 


1949 

Cjfl and Cjg series, m comparison mth the corre 
spondmg depot fats 

SUMMABY 

1 The composition of the blubber and hver 
hpids from two specimens of the common seal 
(Phoca vituhna L ) has been mvestigated 

2 The component acids of the blubber glycerides 
of the two animals were not dissimilar, but differed 
considerably from that of the grey seal (Hah 
clwerus grypus) These differences are probably due 
partly to difference m species, but it also appears 
likely that differences m the food mgested by 
mdividual seals may be responsible to some extent 
for variations m the fat laid down 

3 The hver hpids of seals also appear to differ 
m amount and m their composition One of the 
two common seal hvers exammed was exceptionally 
rich m glycerides as compared with phosphatides 
Contrary to what was observed m the grey seal, the 
hver glycerides of the common seal are very sumlar 
m composition to its blubber oil 

4 So far, no correlation has been discernible 
between the composition of the hver glycerides and 
the glycerides of the flesh, head or other tissues of 
marme a nim als wluch may function as fat depots 

It 16 a pleasure once more to offer our thanis to Prof 
A N Worden and to Dr L Harrison Matthews for agam 
providing us with mterestmg experimental material of 
authentic ongm 
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The Action of Trypsin on Insulin 
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In prevnous studies (Butler, Dodds, Philhps & 
Stephen, 1948) it was found that the action of 
trjTDsm on msulin is comparatively slight It 
appeared likely that the slow action observed was 
due to a small proportion of chymotrypsm (about 
0 6%) known to be present m the trypsm, and it 
was doubtful if there was any residual effect wluch 
might be ascribed to trypsm itself In some further 


experiments with the same materials it was found 
that the extent of the action was rather variable, 
and appeared to depend bn several factors, e g the 
method of preparmg the insuhn solution, the age of 
the solution at the tune of enzyme addition The 
possibihty that trypsm might cause a shght hydro- 
lysis of insuhn without decreasmg its potency has 
led us to re examme its action, usmg eventually 
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a purified trypsm lundly given us by Drs J H 
Norfclirop and M Kunitz, and a sample of insulin 
which had been several times recrystalhzed 

EXPERBIENTAL AISTD RESULTS 

The ejfect of trypsin on insiihn solnhons 
prepared in several ways 

These esrpenments were earned ont as desonbed in a 
prewouB paper (Butler el al 1948), usmg the same tr^Tism, 
and an inanlin concentration of 6 mg /ml The insidin soln 
tions were made up as mdicated in Table 1 The extent of 
hydrolysis certainly \ aned with the method of preparation 
of the solution, but m most cases was comparatively small 
m the first 24 hr , and only became considerable after that 
penod This was probably due to the slow action of the 
chymotrypsm present on the msulm, which converts the 
latter mto products upon which trypsm can act Initial 
treatment mth aDcah, apparently, makes the insiihn more 
susceptible to attack under these conditions 

Action of purified trypsin 

The action of the purified enzyme on the commercial 
insuhn was found, m might be expected, to be appreciably 
less especiaUy m long periods than that of the trypsm used 
above, but a real residual action still remained Table 2 
shows the results obtamed m two distmot evpenments In 
both cases there is an morease of non protein nitrogen 
(K n N ) amountmg to about 7% m 1 day and 12% m 2-3 
days, and the ammo N moreases at the same time to about 
10 %, which would signify a qmte appreciable sphtting of 


about 0 peptide bonilB/insiilin unit of 12,000 At the end of 
the experiments, the pH of tho solutions nas adjusted to 
6 4 and tho precipitates which formed More filtered off and 
dned Their msulm potency, kmdly determined for us by 
Boots Pure Drug Co Ltd , u ns 60-69 % of that of the 
original insulin It is oi idcnt that m tho long continued 
action of trypsin there had been considerable loss of 
potency 

Action of purified trypsin on i ccrystallized 
msulm 

There remains some doubt vhctlier the non protein N 
formed comes from insulin or extraneous substances Tho 
msulm uscfl m ns Boots zinc msulm, potency 22 8 umts/mg 
This lias found to give a single sharp peak in the electro 
phoretic diagram It n as rocrystalhzed four times, tho first 
three by the method of Romans, Scott A Pisher (1040), and 
the last time by dissolnng in dilute acetic acid and adding 
NaOH to pH 4 6 It should be pointed out that, according 
to a recent paper by Lens (1048), this procedure may result 
m the formation of some denatured material The results 
obtamed by digcstmg-this insuhn (6 mg /ml ) with 135 y 10“* 
imits of the purified trypsm in 100 ml areshomiinTabloSA 
A sinular control expenment without any trypsin present is 
shown m Table 3 B It is evident that tlio change m N r > 
m the presence of trypsm was not much greater than that m 
a similar buffer containing no trypsm The msulm, lion oi cr, 
lost a rather greater amount of potency m tho presence of 
the trypsm than m its absence Tho potency' of tho recovered 
material from the trypsin solution after 72 lir was greater 
than that after 48 hr , this may bo connected intli the 
fact that a smaller proportion of tho insulin was actually 


Table 1 


B 

G 

D 

E 


Tryptic action on insulin solutions prepared in various ways 
(hfon protem N (N p n ) expressed ns % of total N ) 


B 


C 


Time 

(hr) 

0 

17 6 
446 

Insulm 1 
at once 


N P N 

{%) 

97 
19 2 


Time 
(hr ) 

0 

23 

46 


D 


E 


N p N Tune 

N P K 

Time 

N r N 

Time 

^ 

N P ^ 

(%) (hr ) 

(%) 

(hr ) 

{%) 

(hr) 

(%) 

76 0 

73 

0 

97 

0 

11 6 

14 7 18 

10 9 

23 

13 0 

18 

17 5 

18 0 42 

447 

48 

46 6 

42 

23 2 

buffer, pH / 6, before adding enough alkah to bring it 

mto solution 

Trypsm added 


Same as A, but trypsm added 70 hr after making up solution 
Same as ^ 


Table 2 Action of purified trypsin on insulin 
(Digest contains 6 mg msubn/ml m sr/24 phosphate buffer, pH 8 2 ) 


Trypsm 44 x umts m 30 ml 


Time 
(hr ) 
0 
3 
21 
44 5 
6S6 


Tiypsm 72 y 10-* umts m 60 ml 


N P J, 
(%) 
65 
57 
12 6 
12 6 
17 2 


Amino N 
10/ 


/o) 

44 


10 0 


Tune 

(hr) 

0 

23 

47 


NPN 
(%) 
66 
14 4 
18 9 


Ammo N 
(%) 
44 
93 
96 


precipitated at pH 6 4, 82 % 
Potency of precipitate 13 4 umts/mg 
Biochem 1949, 44 


N precipitated at pH 5 4, 84 6 % 
Potency of precipitate 12 7 umts/mg 
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recovered m the former case There was a shght mcrease m 
the percentage of ammo N m the recovered insuhn from 
trypsm, which may mdicate the bi^kage of one or two 
peptide bonds The results shown m Imes (a) and (b). 
Table 3B, were obtamed m separate experiments The 
N p N values obtamed m this experiment seem rather high, 
they are quoted because the potency of the msiihn recovered 
from the buffer after 72 hr was also determined A re 
determination of the N p n m the tnohloroacetio acid 
filtrate after 72 hr (exp b) gave a value only about 3% 
greater than the N m the isoeleotno filtrate It is evidently 
difiBoult to reproduce the n p rr formed m buffer solutions 
after long penods of tune 

DrK 0 Pedersen of Uppsala has kmdly exammed m the 
ultracentnfiige the products of trypsm action dissolved m 
a buffer solution contaimng NajHPO^ (0 10 m) and NaH,P 04 
(0 06m) The sedimentation constant of the bulk of the 
matenal was found to be the same as that of untreated 
msulm (Pedersen, 1948), but a spreadmg of the sedimenta 
tion curves mdicated that the matenal had become less 
homogeneous The possibihty that the degradation off m 
suhn m the buffer solution was due to the oontammation of 
the msuhn by a proteolytic enssyme was considered No 
evidence of the existence of the latter could be obtamed 
when msuhn was added to the haemoglobm substrates 
suggested for the assay of trypsm and pepsm by Anson 
(1938), but the concentration necessary to produce the 
effect with msulm could be too small to detect by the latter 
method 

Smce trypsm exerts an armdase activity on oertam anudes 
(Bergmann, Pruton & PoUock, 1939, Schwert, Neurath, 
Kaufinan & Snoke, 1948), and smce msulm contains 8 9% 
of its mtrogen as amide N (ChibnaU, 1942), wo have also 
attempted to find if any of the latter is hberated by trypsm 
The amide N was determmed m a conventional manner 
(see Sanger, 1946), but no significant diminution was oh 
served m trypsm treated msuhn 

Purification of insulin by treatment with trypsin 

If, unlike other protems, msulm is resistant to trypsm it 
should be possible to purify it to some extent, at least, by 
tryptic digestion A crude ins ulin preparation, kmdly 
given to us by Boots Pure Drug Co Ltd , had a potency of 
8 2 umta/mg This material (0 6 g ) was dissolved m 85 ml 


of phosphate buffer, pH 7 8, and treated with orystaUme 
tiypsm (600 x 10~* umts) for 19 hr at 26° The pH was then 
adjusted to 5 2 with 0 In HCl and the precipitate filtered 
off (dry ivt 69 mg ) Its potency, as determmed by Boots, 
was 17 0 units/mg , i e the potency of the ins ulin had been 
doubled, but there was a considerable loss, smce only 
1000 umts were recovered from an imtial 4000 It is possible 
that purified trypsm would give a more satisfactory re 
covery, and that trypsm action may be a useful step m the 
purification of trypsm resistant protems 

DISCTUSSION 

Every mcrease m the purity of the enzyme pre- 
paration and of the inHulm has resulted m a decrease 
of the action observed, and under the best condi- 
tions the change produced is shght The mcrease m 
non-protem mtrogen m the presence of trypsm is of 
the same order as that m the buffer alone There is, 
however, a slight mcrease m the free ammo nitrogen 
of the recovered msulm and the potency of th^ 
recovered matenal is certainly appreciably less It 
is therefore possible that the trypsm breaks one or 
two bonds m the insnlm molecule, per umt of 
mol vd; 12,000, without any non-protem peptide 
bemg hberated The ultracentnfuge also shows a 
change m the nature of the recovered msulm 
Although its mean sedimentation constant is 
imchanged, there is a greater spread of sedimenta 
tion rate, mdicatmg an mcreased heterogeneity of 
the matenal This imght be due to a shght denatura 
tion affectmg the shape of the molecules and the 
way m winch the submolecules aggregate 

SUMMARY 

1 The action of trypsm on msulm has been re 

exammed Purified trypsm has less action than the 
trypsm ongmaUy used ■ 

2 Using four times recrystallized msulm and 
purified trj^sm, the non-protem mtrogen formed is 
not much greater than that produced m the buffei’ 
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alone, but in the presence of trypsin the physio- 
logical potency is duninished to a somewhat 
greater extent than m its absence Ultracentrifugal 
exammation of the recovered msuhn shows it to 
have become less homogeneous than the origmal 
3 The action of trypsm on msulm is thus shght, 
but the possibihty of the hydrolysis of one or two 
peptide bonds, with a dunmution of potency of 
10-20%, IS not excluded 


One of us (J A Y:B ) holds the Coiirtnuld Eoscnrch 
Fellowship in this Institute In addition our thanks are duo 
to Courtaulds Ltd for a grant m aid of this investigation , to 
Imponal Chemical Industnos Ltd for financial assistance, 
to Sir J Drummond, F R S , and to Dr W A Broom of 
Boots Pure Drug Co Ltd , for assays of the msulm pro 
parations, to Drs J H Northrop and U Kunitz for 
purified trypsin, to Dr K 0 Pedersen for the ultra 
contnfugal cxanunation of some of the products, and to 
Mrs I D R Goodwm for technical assistance 
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PART 1 1 4 6-TRrHYDROXY-2-METHYLANTHRAQUINONE 

By B H HOWARD and H RAISTRICK 

Department of Biochemistry, London School of Hygiene and Tropical Medicine, University of London 

{Received 30 July 1948) 


Penicillium islandicum Sopp is a species mcluded by 
Thom (1930) m the Fumculose senes of the division 
of the Pemoilha known as the BiverticiUata- 
symmetrica The species was first described and 
named by Sopp (1912) He isolated it m Norway 
from a mouldy specimen of skyr received from 
Reykjavik, Iceland Skyr* is a bactenally soured 
mfik pecuhar to Iceland, and is somewhat simdar m 
nature to Bulganan yogurt A number of other 
strains have been isolated subsequently m different 
parts of the world Colomes of P islandieum are 
characterized by their three coloured appearance, 
‘a green comdial zone near the margm and pro- 
gressively overgrown with red orange to red hyphae 
m the central areas, reverse at first orange to sordid 
yellow orange shades, later becoming noh red 
shades’ (Thom, 1930) We are engaged m a study 
of this complex mixture of colourmg matters, and 
it IS the purpose of the present commumcation to 
describe the isolation of one of them and its 
identification as the hitherto undesenbed 1 4 6 tn 
hydroxy-2 methylanthraquinone 

, * Thom (1930, p 466), m a desonption of P islandtcum 
Sopp, says ‘species found on the Island of Skyr’ Sopp’s 
(1912, p 162) ongmal description states ‘ Der Pilz wurde auf 
islandischem Skyr gefunden’ 


The new colourmg matter, which was isolated 
by solvent extraction from five different strains of 
P islandicum grown on Czapek-Dox 6% glucose 
solution, was obtamed m yields of 3 % of the dried 
mycehum of stram 1036 Tlie total jueld of the fat- 
free complex mixture of colourmg matters was 
rather remarkable It amounted to 20% of the 
dried mycehum The nature of the other colourmg 
matters is bemg mvestigated 

The new colourmg matter forms large, dark red, 
lustrous plates or leafiets, mp 218° It has the 
molecular formula C15H10O5, contains one methyl 
group attached to carbon, no methoxyl group, and 
forms a triacetate, m p 208°, and a tnmethyl ether, 
mp 161°, mol wt 314, 320 It is not soluble m 
aqueous sodium carbonate, but dissolves readily in 
sodium hydroxide givmg a deep violet solution 
Rs solution m cold concentrated sulphuric acid 
IS bright purple red m colour with a fiery red 
fluorescence Its general behaviour is that of a 
polyhydroxy anthraqmnone 
Its molecular structure as 1 4 6-tnhydroxy-2- 
methylonthraqumone was established as follows 
Smee Its molecular formula is and it con- 

tains one methyl group and three hydroxyl groups 
(tormation of a triacetate and a trunethyl ether), it 

16-2 
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appeared probable that xt was a triliydroxymetbyl- 
anthraquinone This hypothesis was confirmed by 
convertmg it, by mild oxidation with manganese 
dioxide and concentrated sulphuric acid, mto the 
known compound, cynodontm (V) Cynodontm, 
14 6 8-tetraliydroxy-2-methylantliraqinnone, was 
first isolated by Raistrick, Robinson & Todd (1933a) 
from laboratory cultures of Helrmnihosponum cyno 
dontw Marignom and H eucldaenae Zimmermann 
and later by the same workers (Raistrick, Robmson 
& Todd, 1934) from H avenae Eidam They estab 
lished its constitution as (V) and tins was confirmed 
by its synthesis by Anslow & Raistrick (1940 6) 
Hence it foUows that the Penicilhum ^sland^cu 1 n 
colourmg matter must be one oT the four pos- 
sible 1 4 6-trihydroxy-j8-methylanthraqumones of 
structures (I), (H), (HI), (IV) Of these, (HI) and 
(W) are known compounds 


comparison of the PeniciUium ^sland^curn colouring 
matter with hehninthosporm left no doubt that 
they were not identical, although they give colour 
reactions with sodium hydroxide and cold con 
centrated sulphuric acid which are almost mdistin 
guishable from each other 

Compound (IV) has been synthesized by two dif 
ferent methods Graves & Adams (1923) state that, 
on heatmg, (IV) sublimes at 260-260° Keunatsu 
& Hirano (1930) give the m p of (IV) as 263-264°, 
its triacetate as 216° and its trimethyl ether as 
206 5—207° The correspondmg meltmg pomts for 
the P ^sland^cuvl colourmg matter are 218°, 208° 
and 161° It is thus clear that the P wlandicim 
colourmg matter is not identical with (IV) 

Hence it foUows that the P tslandicum colouring 
matter must have either structure (I) or (H) This 
conclusion was confirmed and a choice made 


OH 



OH 

(IV) 


OH 



(VH) 


iJ=H, Catenann 
JJ=CH3, Erythroglauom 


OH OH OH 



(H) (HI) 


Helmmtliosponn 




(vm) 

Frangtda emodin 



(VI) 

Ohrysopliamo acid 


OH 



(IX) 

Ravenebn 


Compound ( III ) is hehninthosporm which was 
isolated from cultures of Helminthosponum grami- 
neum Rabenhorst by Charles, Raistnck, Robinson 
& Todd (1933), also from H cynodontis Mangnom 
(Raistnck et al 1933 a), and H catenanum 
Drechsler and H tntKv-mdgans Nisikado by 
Raistnck et al (1934) Its molecular constitution, 
(HI), was established by analytical means by 
Charles et al (1933), and t his was confirmed by 
its synthesis by Graves & Adams (1923) and by 
Raistnck, Robmson <fe Todd (1933 6) Direct 


between (I) and (H) by the foUowmg method Tlie 
P ^shind'icu'm colourmg matter was reduced mth 
concentrated hydnodic acid and red phosphorus m 
glacial acetic acid The resultmg antliranol, on 
oxidation with chromic acid m acetic acid solution, 
yielded chrysophamc acid (clirysophanol), the struc 
ture of wluch, (VI), was established by synthesis 
by Naylor & Gardner (1931) Of the structures (I), 
(H), (HE) and (TV) only those which could give 
chrysophamc acid, (VI), bj’’ removal of any one 
hydroxjd group are (I) and (Hi) Compound (HI) 
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IS helminthosporin Hence it follows tbat the P 
wlandiGum colouring matter must be (I), i e 14 6- 
tnhydroxy-2-metbylantliraqmnone 

It IS mterestmg to note tbat the P %sland%cuiii 
colourmg matter is closely related structurally, not 
only to the mould colourmg matters lielmmtbo- 
sporm and cynodontm, but also to catenarm 
(Vn, P = H) and erytliroglaucm ('SHI, P = CH3), 
which are respectively the 7 -hydroxy and 7-methoxy 
derivatives of the P islaTidicuni colourmg matter 
Catenarm was isolated from laboratory cultures of 
Helminthoaponum catenarmm Dreclisler, H velu- 
hnum Linh and H tritwi-vulgaris Hisikado by 
Raistrick et al (1934) Its molecular constitution 
(VH) w £13 established by Anslow & Raistrick (1940a), 
and tins was confirmed by synthesis by the same 
mvestigatois (Anslow & Raistrick, 1941) Erythro- 
glaucm was isolated by Ashley, Raistrick & Richards 
(1939) from a number of species m the Aspergillus 
glaucus senps, and its molecular constitution was 
established by Anslow & Raistnck (1940 o) They 
also showed i ' t, on reduction with hydnodic acid 
and red phosphorus m glacial acetic acid followed by 
oxidation of the resultmg anthranol with chromic 
acid, catenarm (VII) yields Frangula emodm 
("VTII) We have stated previously that the Pemcil- 
lium islandicum colourmg matter (I), on similar 
treatment, yields chrysophamc acid (VI) It will 
be noted that m each case it is the hydroxyl group 
m the ortho position to the methyl group which is 
removed 

A further example of the close structural relation- 
ship between many mould colourmg matters is 
afforded by ravenelm This substance, 14 8 tri- 
hydroxy-3-methylxanthone (IX), was isolated from 
HelmintJwsponum ravenelii Curtis and H turcicum 
Passenm, and its molecular constitution established 
by Raistnck, Robmson & White (1936) Its 
structural relationship to the PeniciUium islandicum 
colourmg matter (I) is obvious 

Two trihydroxymethylanthraqumones of un- 
known molecular constitution having properties 
similar to those of 1 4 6 trihydroxy-2 methyl- 
anthraqumone have been described Xatalo- 
emodm(mp 214-216°, triacetate, m p 204°) was 
obtamed by L6ger (1902, 1906) by degradation of 
natalom He found that natalom prepared from 
Ratal aloes, on treatment witli alkalme sodium 
peroxide, yielded nataloemodm monomethyl ether, 
which on demethylation gave nataloemodm 
Tlirough the courtesy of Dr T E Walhs, Curator of 
The Museum of the Pharmaceutical Society, 
London, we received a specunen of nataloemodm 
monomethyl ether made by L(5ger We demethyl- 
ated this substance with hydrobromic acid m 
glacial acetic acid solution The resultmg natalo- 

etnodin.m p 216°, haspropertiesqmte different from 
14 5 trihydroxy-2 methylantliraqumone, and is 


clearly not identical with it Fumculosm (CibHiqOj , 
mp 218°, triacetate, mp 206°, methoxy, nil) was 
isolated by Igaraci (1939) from laboratory cultures 
of P funiaidosum Thom Its molecular constitu- 
tion was not established, though Igaraci expressed 
the opmion that it is either a triliydroxymethyl- 
anthraqumone or a dihydroxyhydroxymothyl- 
anthraqumone This view is, however, difficult to 
reconcde with Igaraci’s findmg that fumculosm 
gives anthracene and not, as would be expected, 
a methylanthracene on zmc dust distillation The 
identity of the antliracene was established by 
meltmg pomt, mixed meltmg pomt and analysis, 
and confirmed by conversion mto ontliraqumone 
However, smce P islandicum Sopp and P funicu- 
losum Thom are regarded by Thom (1930) as closely 
related species, both bemg mcluded in the P 
fumcidosum senes of the BiverticiUata symmetrica, 
we prefer to regard the question of the identity of 
fumculosm with the P islandicum colourmg matter 
as an open one for the present For this reason we 
prefer m the meantime not to give the P islandicum 
colourmg matter a tnvial name 

EXPERIMENTAL 

CuUures 

Six different strams of P tslandicuin Sopp have been ex- 
amined in the course of this work They were all received, 
from the Thom-Raper coUection, from Dr Kenneth B 
Raper, Northern Regional Research Laboratory (N R R L ), 
U S Department of Agriculture, Peona, Ulmois, USA 
Then history, kmdiy supplied by Dr Raper, is as follows 

1 Stram N R R L 1036 received origmoUy m 1922 from 
P M PuttenU, Cape Town, South Africa 

2 Strain N R R L 1037 received ongmaUy in 1924 from 
Dr Nakata Isolated m Japan among moulds commonly 
found m the citrus mdustry 

3 Stram N R R L 1038 received ongmaUy m 1927 from 
Dr W Schwartz from Glermany 

4 Stram N R R L 1176 received ongmaUy m 1940 
from Dr G A Ledmgham, Ottawa, Canada 

6 Stram NRRL 1177 received ongmaUy m 1940 
from Dr Q A Ledmgham, Ottawa, Canada This stram was 
isolated from a sample of wet flour 

6 Stram N R R L 2116 received ongmaUy m 1942 from 
Dr Franz Lozet, Leopoldvflle, Belgian Congo 

Stram NRRL 1036 was received by us m October 1943, 
the other strains m December 1947 

1 4 6-Tnhydroxy-2 methylanthraqumone was isolated 
from aU BIX strains with the exception of Stram NRRL 
1176 which, although morphologically a typical stram, 
appears to be bioohemicaUy atypical Stram NRRL 1030 
was used for the bulk preparation of 1 4 6 tnhydroxy 2 
methylanthraqumone 

Cultured characteristics of, and pigment formation bp, 
different strains of PemciUiuiu islaudicuiri 

Quantities of 360 ml of Czapek Dox solution (glucose 
60 0 g, NaNOs, 2 0g, KHjPO^, lOg, KOI, 0 6 g ,’ 
MgSOj IHjO, 0 6 g , PeSO^ 711.0, 0 01 g , distflled water, 
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1 1 ) TTere distnbnted in each of eighteen 1 1 conical flasks, 
plugged with cotton wool and sterilized A batch of three 
flasks was mociilated with one of each of the sis strains of 
P wZawdicim N R R L 1036, 1037, 1038, 1176, 1177 and 
2116 One flask of each stram was harvested after 7, 14 and 
21 days’ mcubation at 24° m the dark The mycehum was 
separated by filtration, washed with water, and dried tn 
vacuo 

Examination of the culture filtrates 

The culture filtrates of aU strains except 1176 were 
s imil ar m appearance They were all orange red m colour 
but varied somewhat m mtensity, and filtered somewhat 
slowly There remamed on the filter paper a reddish deposit 
varymg m amount with the different strains, and con 
tammg many miorocrystallme orange red clusters of 
needles On the other hand, stram 1176 gave an orange 
yellow culture filtrate with no sign of red colourmg matter 
The pH (Table 1, coL 3) veined withm narrow limits for aU 
strains 

Antibiotic activity The antibiotic activity (Table 1, col 4) 
was measured by the senal dilution method agamst Staphy 
lococcus aureus, Oxford H stram All strains except 1176 at 
some penod of growth totally inhibited the growth of 
Staph aureus at dilutions of 1 20 to 1 80 
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were washed with ethanol and finally with ether, and dned 
The followmg weights were obtamed Stram 1030, 0 36 g , 
1037, 0 68 g , 1038, 0 41 g , 1176, 0 17 g , 1177, 0 30 g , 
2116, 0 76 g The nature of this matenal has not yet been 
ftflly mvestigated, but it appears to be a phosphorylated 
polysacchande 

Bromine reaction Addition of saturated bromme water 
(2 ml ) to 10 ml of culture filtrate gave a charactenstio 
reaction with all strains and at aU stages of growth The 
m i x ture remamed clear for some time, but on standing 
overnight there was formed a heavy, yellow to orange, 
gelatmous precipitate 

Examination of mycelia 

The appearance of the myoeha ofstrams 1036, 1037, 1038, 
1177 and 2116 varied shghtly, particularly m the early 
stages of growth, but m the later stages the strams were 
almost mdistmgmshable from each other They aU de 
veloped reddish drops on the surface of the mycehum which, 
at the end of the mcubation period, consisted mainly of 
reddish brown to brownish red growth with small areas of 
green growth The reverse of the mycehum was m aU cases 
a dark reddish brown to brownish red The colour of the 
mycehum of stram 1176 was much fighter, being yellow to 
orange with green areas and with a yellow to brown reverse 


Table 1 Gtdtural charactertstvcs of six strains of Pemcillium islandicum Sopp, 
and yields of colouring matters formed by them 

Crystalhne 
1 4 6 tn 
hydroxy 2 









Na.COa 

NajCO, 

methyl 

Catalogue 

Incubation 

pH 


Wt of 

Mycehum 


soluble 

msoluble 

anthia 

no 

penod 

after 

Antibiotic 

mycehum 

total -wt 

‘Fat’ 

pigment 

pigment 

qumone 

(N R R L ) 

(days) 

mcubation 

actmty 

(g) 

(g) 

(g) 

(g) 

(g) 

(g) 

(1) 

(2) 

(3) 

(4) 

(6) 

(6) 

(7) 

(8) 

(9) 

(10) 

1036 

7 

3 0 

1 20 

2 13 ■] 





0 20 


14 

3 8 

Nil 

3 76 

1 10 34 

0 87 

1 41 

1 19 


21 

43 

Nil 

4 46 J 






1037 

7 

3 6 

1 80 

1 99 I 

1 




0T8 


14 

3 8 

1 80 

3 96 

X 9 84 

0 76 

0 60 

0 66 


21 

42 

1 20 

3 89 J 

1 





1038 

7 

3 6 

1 20 

1 66 1 

1 




004 


14 

3 9 

1 20 

2 91 ; 

y 7 49 

0 41 

0 31 

042 


21 

44 

1 40 

3 02 J 

I 





1176 

7 

3 7 

Nil 

2 33 I 

1 




Nil 


14 

3 7 

Nil 

3 62 

^ 9 90 

0 60 

0 77 

0 67 


21 

40 

Nil 

3 96 J 

1 





1177 

7 

3 6 

1 20 

1 76 1 

1 




0 09 


14 

4 1 

1 20 

3 66 

^ 9 46 

1 06 

0 82 

1 16 


21 

44 

Nil 

4 16 J 

1 





2116 

7 

3 6 

1 80 

1 82 1 

1 




0 05 


14 

3 7 

1 40 

3 26 1 

^ 8 46 

0 69 

0 47 

0 49 


21 

3 8 

1 40 

3 38 J 

1 






FeCl, reaction Addition of aqueous m/0 FeClj to the 
culture filtrate gave with all strams a heavy, yellow to 
brown, amorphous precipitate, which usually appeared 
after 15 mm and always appeared on standmg overnight 
To 300 ml of culture filtrate from each stram after 7 days’ 
growth were added 30 ml of aqueous m/6 FeClj The re 
sultmg precipitates were separated by centnfugmg, washed 
■with water, and dissolved m 2x HCl (8 ml ), giniig yellow 
to bro-wmsh red solutions Addition of ethanol (60 ml ) gave 
vhite to very pale yellow amorphous precipitates which 


Small portions of the mycelia were pressed between laj era 
of filter paper, and then part was immersed m cold cone 
HjSOi, and part m aqueous N NaOH The mycefia of 
strams 1036, 1037, 1177 and 2116 developed deep to leiy 
deep violet colours with cone HjSO^ at all stages of growth 
Stram 1038 gave a brownish red colour at 7 days, becoming 
deep reddish violet after 14 days, and deep ■violet after 
21 days With stram 1175 the coirespondmg colours voro 
pale bro^wn, dark reddish iiolet, and browmsh rod With 
KNaOH, strains 1036, 1037, 1177 and 2116 developed a 
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senes of green shades of colour, varying from clear emerald- 
green through ohve green to bluish green The colours with 
1038 were shades of violet, and with 1176 reddish violet to 

a clear purple red ' , r v 

The dned myceha, after 7, 14 and 21 days growth of each 
stram, were combmed and powdered (Weights, see Table 1, 
col 6 ) The powder was extracted exhaustively with chloro 
form m a Soxhlet Apparatus A dark red.extract was ob 
tamed m aU oases except stram 1176 which gave a brown 
yellow extract The solvent was removed by distillation xn 
vacuo and the residual sohd was extracted with hght 
petroleum The pale coloured hght petroleum extract, on 
evaporation to dryness, left a red coloured ‘fat’ (Weights, 
see Table 1, col 7 ) 

The material insoluble m hght petroleum was dissolved m 
chloroform (1 1 ) and extracted with aqueous n Na^COa 
After centrifugal separation the Na.COj extracts were acidi- 
fied The resultmg red precipitate was Mtered, washed, and 
dned (Weights, see Table 1, col 8 ) 

The residual chloroform solutions were evaporated to low 
bulk In the cases of strains 1036 and 1037 crystals of 
crude 14 6 tnhydroxy 2-methylanthraqumone (weights, 
016g, mp 214r-216°, and 0 16 g , mp 212-216°, re 
spectively) separated With the other four strains no 
crystals separated The mother hquors from 1036 and 1037 
and the solutions firom 1038, 1176, 1177 and 2116 were dned 
(total weight of NajCOj insoluble colourmg matter. Table 1, 
col 9) The residues, except stram 1176, were sublimed m a 
high vacuum A red sublimate was obtained m each case at 
160-200° The sublimates were crystallized once from glacial 
acetic acid, and the total weights of crystaUme matenal 
isolated are given m Table 1, col 10 The different crystaUme 
preparations aU melted withm the range 216-217 6°, and 
none of them depressed the m p of 1 4 6 tnhydroxy 2 
methylanthraqumone on admixture with a pure specunen 
of it, m p 218° 

Preparation of 14 6 tnhydrovy-2-methylanthraqui- 
none from PeruciUium islandicum Sopp, strain 
NRRL 1036 

Czapek Dox 6 % glucose solution was distnbuted, m 
360 mL quantities, mto a number of 1 1 oomcal fiaska, 
plugged with cotton wool and sterilized by steammg for 
0 6 hr on each of 3 consecutive days In typical prepara 
tions 60 such flasks were moculated with a spore suspension 
of P xalandxcum, stram NRRL 1036, and moubated m 
the dark at 24° for 19-21 days At the end of this penod the 
dark red mycehal mat was separated by filtration, washed 
with water, dned %n vacuo, and ground m a coffee mill 
yieldmg 201 g of a brownish red powder Treatment of the 
culture filtrate, which contamed 0 1 % of residual glucose, 
wiU form the subject of a future commumoation' The 
ground mycehum was freed from fat by boilmg under reflux 
with three separate lots of 1 1 of hght petroleum (b p 40- 
60°) The hght orange coloured combmed extracts were 
thoroughly extracted with aqueous 0 6 n NaOH which, on 
acidification, gave 0 76 g of fat contammated colourmg 
matter The colourless residual hght petroleum yielded 
10 7 g of ‘fat’ on removal of the sohent 
The colourmg matters were extracted from the fat free 
powdered mycehum by boihng under reflux for 1-2 hr each 
time with seven successive lots of 1 1 of chloroform The 
chloroform solutions were all browmsh red to orange red m 


colour A rough fractionation of the mnxturo of colounng 
matters was effected by thorough extraction of their chloro 
form solutions with aqueous NajCOa in which 1 4 6 tn 
hydroxy 2 methylanthraqumone is not soluble N NujCOj 
was used for the earher and more concentrated ohlorofomi 
solutions and 0 26 n for the later ones The somewhat 
emulsified mixtures were separated by contnfugmg and the 
NajCOa extracts, varymg in colour firom broivn ivith the 
earher extracts to pure green with the later ones, were 
quickly acidified with HCl The resultmg dark red precipi- 
tates were separated by filtration, thoroughly washed with 
water, and dned A dark rod powder, total weight 19 16 g 
was thus obtamed and the finctionation of this material is 
at present under mvestigation 

Isolation of 14 6 tnhydroxy 2 methylanthraqumone 
fitom the chloroform solutions, fee from NajCOj soluble 
substances, may be accomplished by either of the following 
methods (o) The chloroform solutions were washed with 
water, filtered and evaporated to crystalbzation point 
Second crops were obtamed by further evaporation and 
crystaUization A total yield of 6 19 g of cnide 14 6 tn- 
hydroxy 2 methylanthraqumone was obtamed The onido 
product was punfied by repeated rocrystalhzation from 
chloroform or glacial acetic acid yieldmg shmmg red plates, 
m p 218° On removal of the solvent from the ongmal 
chloroform mother hquors there remamed 18 82 g of a 
mixture of colounng matters (6) The chloroform solutions 
were combmed and thoroughly extracted with aqueous 
0 6k NaOH This treatment removed the remainder of the 
colourmg matters leavmg an almost colourless chloroform 
solution Acidification of the bluish purple NaOH extract 
with HCl yielded a red amorphous sohd which was separated 
by filtration, washed with water, and dned This was 
heated m small portions m a high vacuum when 1 4 6-tn- 
hydroxy 2 methylanthraqumone subhmed readily at 160- 
170° The combmed sublimates, after one crystaUization 
fern chloroform, yielded pure 14 6 tnhydroxy 2 methyl- 
anthraqumone, m p 218°, weight 6 1 g Although this 
method is somewhat tedious it readily gives a pure product 

The Na^COg extracted chloroform solutions con tarn, m 
addition to 1 4 6 tnhydroxy 2 methylanthraqumone, other 
NaOH soluble colounng matters, which are left m the 
chloroform mother hquors if method (a) is used, or remam 
unsubhmed below 200° if method (6) is used The nature of 
these colourmg matters is bemg mvestigated 

The total content of crude mixed colourmg matters in the 
dned mycehum of P xslandtcum, stram NRRL 1036, is 
rather remarkable In a number of different preparations 
the average yield obtamed was about 20 % of the weight of 
the dned mycehum 

General properties o/ 1 4 &-trihydroxy-2 methyl- 
anthraquinone Derivatives 

14 5 Tnhydroxy 2 methylanthraqumone crystalhzes from 
chloroform or glacial acetic acid m large, dark red, lustrous 
plates or leaflets, m p 218° (Found C, 66 8, 66 9 H 4 0 

Ci6Hio05requiresG,66 7 H, 
3 7,0 LH., 6 6%) It dissolves fairly readily m chloroform 
or acetone, is rather less soluble m glacial acetic acid 

ethanol and ether, and is almost msolublem hght petroleum’ 
It IS ^oluble m N NaHCO,, k NaJDO^ and k NH.OH, but 
dissolves m^y m k NaOH to a violet solution, the colour 
of which fades to a pale yellow after a few hours’ exposure 
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to air Its solution in cold cone H3SO4 is bnght purple red 
m bulk and blmsb red m thm layers with a fiery red 
fluorescence Its solution m glacial acetic acid is yellow 
orange m colour with a green fluorescence It readily sub 
hnies without decomposition in a high vacuum at 160° 

14 5 Triacetoxy 2 meihylanthraquxnone A solution of 
crude 14 6 tnhydrosy-2 methylanthraqiunone (3 36 g ) m 
35 ml of acetic anhydride contammg 2% (v/v) cone H2SO4 
was boded for 2 mm The cooled brown solution was poured 
mto iced water (11) with stimng The resultmg yellow 
sohd was crystallized twice fix)m ethanol and 4 tunes from 
glacial acetic acid to give 14 6 tnacetOTy 2 meihylanthra 
quxnone as pale yellow needles with a constant m p of 208° 
(Found C, 63 7, 63 7, H, 4 2, 4 0% GjiHjjOa requires C, 
63 6, H, 41%) 

14 6 Tnacetosy 2 methylanthraqumone (0 5 g ) was 
heated with aqueous 2 n NaOH (30 ml ) on a bodmg water 
bath m an atmosphere of N3 The acetate dissolved m 
10 mm to an mtensely violet solution Heatmg was con 
tmued for a further hour when 2 n HCl (36 ml ) was added 
The resultmg red amorphous precipitate (0 32 g ) was 
separated by filtration, washed well with water, dried and 
crystaUized from chloroform 14 6 Tnhydroxy 2 methyl 
anthraqnmone, weight 0 16 g , m p 218°, was thus obtamed 
as dark red plates 

1 4: B-Tnmelhoxq/ 2-methylanthraqiitnone. 14 6-Tnhy 
droxy-2 methylanthraqumone (0 26 g ) was dissolved m 
boiling anhydrous acetone (26 ml), and redistiUed dimethyl 
sulphate (1 26 ml ) and anhydrous K^COa (1 26 g ) were 
added in 0 26 ml and 0 25 g portions at smtable mtervals 
durmg 8 hr bodmg under reflux The resultmg yellow 
solution WM separated by filtration from the min eral 
salts, which were thoroughly extracted with hot acetone 
Evaporation of the solvent %n vacuo and crystallization of 
the residue fiom ethanol gave 14 6 trimelhozy 2 methyl 
anthraqutnone (0 20 g ) as orange yellow needles, m p 161°, 
unchanged on further crystallization and sublimation at 
160° m a high vacuum (Found C, 69 3, 69 2, H, 6 4, 6 4, 
CHjO, 27 2, 27 7%, moLwt (cryoscopio m camphor) 320, 
314 CjsHjjOj requires C, 69 2, H, 6 2, 3CII3O, 29 8%, 
mol wt 312 ) In contrast to the parent substance 14 6 
tnmethoxy 2 methylanthraqumone is msoluble m N NaOH 
It dissolves m cold cone HjSO^ to a blue solution with a 
famt purple fluorescence, and m glacial acetic acid to a pale 
j ellow non fluorescent solution 

Oxvdation 0/ 1 4 6 trihydroxy-2-niethylanthra- 
quinone Formation of cynodontin ( F) 

Fmely powdered MnOj (0 76 g ) was added m portions 
over a period of 6 mm and with mechamcal stirrmg to a 
solution of 1 4 6 tnhydroxy 2 methylanthraqumone (1 g ) 
m cone II2SO4 (7 6 ml ) The temperature was mamtamed 
at 60° and stirrmg was contmued for a further 0 6 hr The 
mixture was cooled, poured mto water (600 mL) and then 
boiled for 10 mm The ongmal brown violet precipitate 
became redder on heatmg After coohng, the red sohd was 
separated by filtration, washed and dned The dned 
matenal was extracted exhaustively with chloroform m a 
Soxhlet apparatus, collectmg four fractions which were 
evaporated and crystallized separately givmg fraction I, 
0 16g, mp 238-240°, II, 0 IS g , mp 246-247°, HI, 
0 23 g ,'m p 247-249°, W, 0 10 g , m p 252-253°, V (from 
the combmed mother hquors), 0 14 g , m p 219-224° 
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Fractions I, 11, III and IV uere combmed and punfied by 
acetylation m the usual way with acetic anhydnde and 
cone HjS 04 The resultmg acetate was crystallized twice 
from ethanol yieldmg 0 40 g of fine yellow needles, m p 
228—229°, which did not depress the m p of synthetic tetra- 
acetyloynodontm (Anslow & Raistnck, 19406) smularly 
crystallized (Found C, 60 45, 60 8, H, 4 0, 4 0% Calc 
forCjsHiBOio C, 60 8, H, 4 0%) 

The acetate (0 32 g ) Was hydrolyzed with aqueous 2\ 
NaOH (20 mh) on a Ijoilmg water bath m an atmosphere of 
N; The resultmg deep blue solution, on acidification, 
yielded 0 19 g of regenerated coloumig matter which was 
ciystaUized, first from pyndme (20 ml , with charcoal), and 
then from glacial acetic acid (36 ml ) There was thus 
obtamed 0 11 g of brownish leaflets with a magnificent 
bronze lustre which melted at 269 5-260 6°, alone or m 
admixture with natural cynodontm, m p 269 6-260 6°, 
prepared from Helminthosponum cynodontx'i Mangnoni 
(Found C, 63 3, 63 0, H, 3 6, 3 6% Calc for Ci5H,„0j C, 
62 9, H, 3 6%) The two specimens also gave identical 
reactions m the foUowmg tests n NajCOg, insoluble, 
K NaOH, dissolved to a deep blue violet solution, cold 
cone H„S04, dissolved to a blue solution with a fine red 
fluorescence, glacial acetic acid, bluish red solution with a 
weak greemsh yellow fluorescence 

Reduction 0/ 1 4 5-tnhydroxy-2-methyhinthraqui 
none Formation of chrysophanic acid {VI) 

A solution of 1 4 6 tnhydroxy 2 methylanthraqumone 
(1 g ) m glacial acetic acid (20 ml ) was boiled for 6 hr under 
reflux with red phosphorus (1 g ) and HI (4 ml , sp gr 17) 
The mixture was cooled slowly, and the crystals that formed 
were separated by filtration When recrystalhzed from 
glacial acetic acid (60 ml , with charcoal) there was obtamed 
0 48 g of hght orange red plates which had aU the colour 
reactions of chrysophamc acid anthranol and melted at 
200-204° (ht 205-210°) 

The anthranol (0 26 g ) was dissolved m hot glacial 
acetic acid (10 ml ) A solution (14 ml) of CrOj (10%, 
w/v) m glacial acetic acid was added with shakmg and the 
mixture was mamtamed at 60° A further 1 4 ml of CrO, 
solution were added m portions at mtervals, and, aftera total 
oxidation penod of 36 mm at 60°, the mixture was cooled 
Yellov orange crystals (0 13 g , m p 191-193°) separated, 
and this matenal was punfied by subhmation m a high 
vacuum at 140-160° The orange yellow subhmate was dis 
solved m chloroform, extracted three time^ with 10 ml of 
0 6if aqueous NsjCOj, and then washed with water After 
removal of the chloroform, the resultmg sohd was crystal 
hzed from ethanol, yieldmg ghstemng orange yellow plates 
(0 06g,mp 194°) (Found C, 70 6, 70 8, H, 4 2, 4 3% 
Calc for CijHioOi C, 70 9, H, 4 0% ) The substance proved 
to be chrysophamc acid, a pure specimen of which was pre 
pared from a sample of Kahlbaum’s chrysophamc acid 
kmdly given to us by Dr ^ D SpnngaU, Department of 
Chemistiy, Umversity of Manchester This authentic 
specimen melted at 196° and a mixture of the two specimens 
melted at 195° The two specimens also gave identical re 
actions m the foUowmg tests N NujCOa, insoluble, N NaOH, 
dissolved to a red solution, changmg slowly to orange red 
with the formation of a red precipitate, cold cono H.SO4, 
dissolved to a red non fluorescent solution, glacial acotio 
acid, dissolved to a yellow solution 
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The reduction product, ohrysophamc acid (0 13 g ), -was 
acetylated in the usual way with acetic anhydride (2 ml ) 
contauung 1 drop of cone HjSO^ The sohd that separated 
on addmg ice was crystallized from ethanol (with charcoal) 
and gave yellow leaflets, m p 207-208° (Found C, 67 1 , 
H, 4 3% Calc for Ci.HuOe C, 67 46, H, 42%) It was 
compared with an authentic specimen of diacetyl ohryso 
phamc acid, kmdly supplied by the Wellcome Research 
Institution and prepared ongmally by Dr F B Power This 
specimen melted at 208-209°, and a mixture of the two at 
208-209° 

Comparisons o/ 1 4 6 trihydrovy-2- 
methylanthraquinone 

(а) Withnataloemodin A specimen of methylnataloemodin 
(nataloemodm monomethyl ether) prepared ongmally 
by Ldger (1902, 1906) was kmdly given to us by Dr T E 
Walhs, Curator of the Museum of the Pharmaceutical 
Society, London A solution of methylnataloemodm 
(64 mg ) m 6 ml of equal volumes of glacial acetic acid and 
constant b p aqueous HBr (46-48 %) was boded under 
reflux for 6 hr The imtially yellow solution slowly became 
brown and on standmg overmght deposited nataloemodm 
in orange brown needles m almost theoretical yield These 
were recrystaUized from acetic acid (60% v/v, 16 ml ) and 
yielded pure nataloemodm (0 04 g ) as fine golden yellow 
needles, m p 216° A mixture of nataloemodm with 14 6 
trihydroxy 2 methylanthraqiunone, m p 218°, melted at 
186-192° Nataloemodm gave the followmg colour re 
actions N NajCOj, readdy dissolves to a cense solution, 
0 6 n NaOH, violet solution not fadmg qmokly, cold cone 
H2SO4, red- violet solution almost mdistmgmshable from 
aqueous BlMnO^, glacial acetic acid, yellow non fiuorescent 
solution The two substances are clearly quite different 
compounds 

(б) With helmmthosporin (III) A mixture of 1 4 6 tn 
hydroxy 2 methylanthraqumone, m p 218°, with hel 


mmthosporin, mp 226-226.°, from B ehmnthosportum 
gramtneum Rabenhorst molted at 192—200 , a mixture of 
14 6 triacetoxy 2 methylanthraqumone, m p 208°, with 
tnacetyl helnunthosponn, m p 223—225°, melted at 199- 
203° It is thus clear that the two substances are quite 
different oompounds, although m comparative colour tests 
with N NaOH, cold cone HjSO^ and glacial acetic acid 
the colours given by the two substances were almost 
mdistmgmshable 

SXJMMARY 

1 The dried mycelium of laboratory cultures of 
PcmciUwm islandtcum Sopp has been shoivn to 
contam about 20% of its weight of a complex 
mixture of colourmg matters 

2 One constituent of this rmxture has been 
isolated in a pure form from five different strains 
of P islandicum and has been shown to be the 
lutherto imdescribed 1 4 6 - trihydroxy - 2 - methyl - 
anthraquinone 

3 14 6-Tnhydroxy-2-methjdanthraqumonecry- 
staUizes m lustrous dark red plates, mp 218°, 
and forms a triacetate, pale yellow needles, m p 
208°, and a trimethyl ether, orange yellow needles, 
mp 161° 

4 On oxidation with manganese dioxide and 
concentrated sulphuric acid, 1 4 6-trrhydroxy-2- 
methylanthraqmnone juelds cynodontm, on re- 
duction with concentrated hydnodic acid and 
red phosphorus and oxidation of the resultmg 
anthranol with chromic acid, chrysophamc acid is 
formed 

6 The close structural relationship existmg 
between a number of mould colourmg matters is 
discussed 
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IN RELATION TO THE METABOLISM OF BENZENE 
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The study of the metabohc fates of quinol and 
resorcinol was undertaken to elucidate certain 
aspects of the metabohsm of benzene and phenol 
(see Porteous & Wilhams, 1949o, h) We have 
already reported on the fate of catechol (Garton & 
Wilhams, 1948), and a further study of the fate of 
phenol IS m progress Qmnol is also of importance 
m mdustry as a photographic chemical and as a food 
preservative Its position as an mdustnal hazard 
has been discussed recently by Sterner, Oglesbj’^ & 
Anderson (1947) 

There is httle exact information concerning the 
fate of these two phenols m the body Baumann & 
Preusse (1879) found that a dog given 0 6 g qumol 
excreted a qumol ethereal sulphate though no free 
qumol could be detected von Mermg (1876) also 
demonstrated the presence of a qumol ethereal 
sulphate m the urme of rabbits fed with arbutm 
(qumol monoglucoside) Kulz (1890) foupd that 
qumol fed rabbits excreted a glucuromde Baumann 
(1878-9) reported that resorcmol raised the ethereal 


sulphate output m dogs, and Kulz (1890) showed 
that it formed a glucuromde m rabbits and hares 

EXPERIMENTAL 
Quantitative experiments 

The rabbits (giant obinohilla) used were kept on a diet of 
Lever’s cubes (60 g /day) and water ad lib Qumol (m p 
169°) and resorcinol (m p 110°), dissolved m uater, were 
fed by stomach tube Doses up to 0 4 g [kg of qmnol and 
0 6 g /kg of resorcmol could be admmistered without 
apparent toxic effect Doses of 0 45 g /kg qumol and 
0 6 g /kg resorcmol caused temporary muscular twitchmg 
and an mcreased rate of respiration In most of the present 
expenments doses of 0 1-0 2 g /kg were used 

Olucurontc acid and ethereal sulphate excretions were 
detenmned as described m earher papers m this senes 
(Hanson, Mills &, WiUiams, 1944, Wilhams, 1938) The 
results, given m Table 1, show that with qumol 30% of the 
dose IS excreted as ^ ethereal sulphate and 43 % as a 
monogluouromde, and with resorcmol 13 6 % is excreted as 
a sulphate and 62 % as a monogluouromde 


Table 1 The excretion of glucuronic acid and ethereal sulphate by rabbits 
receiving quinol or resorcinol orally 


(The dose of dibydroxybenzene was 100 mg /kg of body wt ) 
Average normal values ‘Extra’ excretion 





Ethereal 


Ethereal 


Percentage of dose excreted 




sulphate 

Gluouromc 

sulphate 

Glucuromc 

i 

A 

— 

Babbit 

Wt 

Dose 

(mg SO 3 / 

acid 

(mg SO,/ 

acid 

As mono 

As mono 

Total 

no 

(kg) 

(mg) 

day) 

(mg /day) 

day) 

(mg /day) 

sulphate 

glucuromde conjugati 

Qumol fed 










122 

3 16 

630* 

26 1 

— 

129 4 

— 

28 3 

— 

— 

123 

3 60 

700* 

14 7 

— 

200 3 

— 

39 3 

— 

— • 

124 

3 06 

710t 

13 9 

— 

126 8 

— 

24 6 

— 

— 

98 

3 16 

316 

17 1 

168 

86 7 

232 

37 8 

41 8 

79 0 

90 

2 96 

296 

— 

116 

— 

184 

— 

36 4 

— 

81 

286 

286 

— 

160 

— 

213 

— 

424 

— 

124 

2 90 

290 

16 7 

126 

66 2 

260 

26 6 

48 9 

76 5 

126 

3 10 

310 

18 3 

166 

66 2 

231 

24 9 

422 

67 1 

126 

3 05 

305 

19 2 

166 

62 6 

245 

28 3 

46 6 

74 8 

Resorcmol fed 










124 

2 85 

285 

13 8 

106 

27 8 

272 

13 4 

541 

67 6 

125 

3 25 

325 

16 8 

106 

31 2 

296 

13 2 

61 6 

04 7 

120 

3 10 

310 

16 2 

107 

39 7 

277 

14 0 

60 6 

64 6 


* Dose 200 mg /kg f Dose 230 mg /kg 
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Isolation of metabolites 


m ether and readily soluble m acetone It gave the 
^.4^'Un.^an.Tn^r^^^^ Tfifintion Oil orolonEed heating (6 mm ) 


Mdabohtes of gwtnol 

Qatuol unne is normal m colour when freshly voided, but 
darkens considerably on standing The shghtly alkaline 
imne gives a dark green brown colour with 2% FeCla It 
reduces very shghtly to Tehling’s and Benedict s reagents 
and gives an mtense ToUens test for glucuromo acid 

Isolatton of free quinol The 24 hr urme (340 ml ), col 
lected after feedmg a total of 4 g qmnol to three rabbits, 
was filtered, treated with 0 1 g NoaSaOj and extracted 
contmuously for 6 hr with peroxide free ether The extract 
was evaporated at 30° to a clear pale yellow gum (90 mg ) 
The gum was dissolved m 5 ml 2 5 n NaOS and treated 
with 0 2 g p toluenesulphonyl chloride m 6 ml acetone 
After it had been shaken for 10 mm the mixture was 


with the reagents . 

Byirolysis of aceiylated gutrwl monoglucuronide methyl 
ester p Acetoxyphenyl tnacetylglucuromde methyl ester 
(1 6 g ) m 16 ml ethanol and 100 ml 4if HCl was heated 
under reflux for 4 hr on the water bath After coohng, the 
brown solution was extracted with 6 x 60 ml peroxide free 
ether The extracts were evaporated to diyness m tacuo 
and the partially crystalhne residue dissolved in 10 ml 
2 6NNaOH and treated with 0 6g ji toluenesulphonyl 
chloride After shaking for 20 mm the mixture was poured 
mto 160 ml cold water The crystalhne precipitate (316 mg ) 
of qumol di^ toluenesulphonate was recrystalhzed from 
absolute ethanol to give colourless pnsms, m p and mixed 
mp 169° 

The ethereal sulphate fraction of quinol urine If it is 


poured mto 60 ml water The crystals (10 mg , 0 0G6% of 
dose) which formed were collected and dried and identified 
as qumol di p toluenesulphonate, m p 165° alone and 167° 
mixed with an authentic specimen, m p 169° A separate 
experiment showed that qumol added to normal urme 
could be recovered quantitatively by ether extraction after 


assumed that qumol forms a monosulphate, then, accordmg 
to Table 1, the proportion of qumol conjugated with sul 
phunc acid is tmce that of catechol (Qarton L Wilhams, 
1948) or resorcmol It was, therefore, necessary to show 
whether qmnol monosulphunc acid or qumol disulphuric 
acid is excreted by rabbits 


the addition of Na^SjO^ 

The glucuronide of quinol Isolation of the qumol glucuro 
nxde gum A 24 hr urme (945 ml ) was collected after 
feedmg a total of 12 g qumol to twelve rabbits and the 
basic lead acetate precipitate prepared m the usual manner 
The precipitate was weU washed with water and Pb re 
moved with HjS The Ph free filtrate was aerated, treated 
with charcoal, filtered and evaporated to a gum (18 g ) in 
vacuo at 60-60° The gum was dissolved m 10 ml absolute 
ethanol and kept at 0° overnight A precipitate (0 6 g ) of 
morgamc material was removed, and the solution was then 
evaporated to dryness The gum, presumably quinol 
glucuronide, was purified by dissolvmg m ethanol, filtenng 
and evaporatmg several times and yielded 16 6 g of a clear 
brown gum It was acid to htmus, gave a pale green colour 
with FeClj which deepened on making shghtly alkalme with 
NaHCOj and an mtense Tollens naphthoresoromol test It 
was msoluble m ether, benzene and hght petroleum 

Quinol monoglucuronide methyl ester The gum (3 g ) was 
dissolved m 60 ml ethanol and 200 ml of a saturated solu 
tion of diazomethane m ether added The mixture was kept 
overmght, filtered from a httle sludge and evaporated to 
diyness The treatment with diazomethane was repeated 
twice Fmally a clear yellow, neutral, ether soluble gum 
(2 47 g ) was obtamed which could not be mduced to 
crystallize The p hydroxyphenylglucuronide methyl ester 
gave a blue colour with FeC33, mdicatmg the presence of a 
free phenolic OH group (Found OCH3, 10 2 CuH-jOg 
requires OCH3, 10 3% ) 

Acetylation of quinol glucuronide methyl ester The above 
methyl ester (2 47 g ) was dissolved m 10 ml pyndme and 
16 ml acetic anhydride After it had been kept overmght 
at room temperature the mixture was poured mto 100 ml of 
ice water After the mixture had been stirred for some tune 
at 0° crystallization occurred The crystals (3 26 g , m p 
148°) were collected and recrystalhzed from ethanol The 
p acetoxyphenyl tnacetyl D glucuronide methyl ester formed 
long, colourless needles, m p 161°, [a]^® -21 8° (c, 1 m 
acetone) (Found C. 63 7, H, 6 1, OCH,, 6 9 a,H„0„ 
requir^ C, 53 85, H, 6 2, OCH3, 6 6%) The compoW was 
msoluble m water, sparmgly soluble m ethanol, soluble 


Attempts to isolate the ethereal sulphate and compare it 
with synthetic material (see below) were unsuccessful, but 
we proved it to be a monosidphate by the followmg pro 
cedure The urme (1026 ml ), collected after feedmg a total 
of 10 g qmnol to ten rabbits, was treated with 0 6 g 
KsCOj and reduced in vacuo at 40° to 260 ml The resulting 
dark brown liquid was clarified with 0 26 g NojSjOi and 
saturated with (NH^lsSO^, 260 ml acetone were added 
and the mixture filtered at the pump, the precipitated 
(NH^ljSO^ bemg washed with 160 ml acetone The com- 
bmed filtrates were transferred to a separatmg funnel and 
the aqueous layer removed The acetone solution was 
treated with 0 6 g K2CO3 and concentrated in vacuo at 40° 
to 200 ml This was now poured mto 2 1 dry acetone A 
dark brown viscous layer contammg gluouromdes separated 
and was discarded The clear golden acetone layer was agam 
reduced in vacuo at 40° to 160 ml Gluouromdes were stdl 


present and so the solution was poured mto 1 1 dry acetone 
and the brown gum of glnouromde agam removed The 
acetone solution was agam evaporated at 40° to a gummy 
crystalhne mass The product was practically free from 
gluouromdes, and contamed no morgamc sulphate The 
crystals m it were identified as urea This material eon 
tamed the ethereal sulphates of qmnol unne, but these 
could not be isolated. It was, therefore, dissolved m 100 ml 
60% aqueous ethanol, and its content of free and total 
qumol and ethereal sulphate estimated as follows 


^.**x^^* uy uuo luaoiaeiino metnod 

Wieland (1910), as desonbed by Neuberger (1947) for t 
detemunation of homogentisio acid m urme Urea does n 
mterfere with the detennmation The above ethereal si 
phate fraction contamed 66 mg of free qumol For t 
elation of total qumol, 6 ml of the ethereal sulpha 
fraction were boded under reflux with 10 ml of 0 3 h-H 
for 30 mm , cooled and the qumol estimated lodometnoall 
xhe combmed qmnol found was 1 045 g 
A gravimetno detennmation of ethereal sulphate show( 
ttot the fraction contamed 0 8661 g SO3 Thus the rat 

fraction 

0 8661/1^ 0 82 For qumol monosulphunc acid t] 
calculated ratio is 0 73, whereas for qumol disulphuno ac 


1 
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it IS 1 46 These results indicate that the ethereal sulphate of 
qumol unne is qumol monosulphuno aeid 

Search for qumol oxidatwn products In an earlier paper 
(Garton & Wdhams, 1948) we showed that, m the rabbit, 
hydroxyquinol is an oxidation product of catechol Smoe 
catechol, qumol and hydroxyqumol are metabobtes of 
benzene (Porteous & AVdhams, 19496), it is important to 
know whether qumol is also oxidized to hydroxyqumol 
A careful search was made for this phenol m the urme 
collected 1, 2 and 3 days after feedmg a total of 4 g qumol 
to three rabbits No trace of free or combmed hydroxy 
qumol was found The colour reactions used have been 
descnbed m earher papers (Garton A Wdhams, 1948, 
Porteous A Wdhams, 19496) 

Metabolites of resorcinol 

Resorcinol urine is shghtly darker than normal rabbit 
urme, but does not darken on standmg as does qumol urine 
The shghtly alkahne urine is non reduomg, gives no colour 
■with PeClj, but gives a strong naphthoresorcmol reaction 
It contains free resoromol, givmg a purplish red colour m 
the 2 0 dichloroqumone chloroinude test of Porteous L 
Wdhams (19496) 

Isolation of free resorcinol Resoromol (1 g ) was fed to 
each of six rabbits The shghtly alkahne 24 hr urme 
(626 ml ) was filtered through glass wool and then extracted 
contmuously for 8 hr with peroxide free ether Evapora 
tion of the extraet at 20” yielded a partially orystallme 
product (1 97 g ) from which 0 6 g resoromol (m p and 
mixed m p 110°, after orystaUization from dry benzene) 
was obtamed The mother hquors, on benzoylation, yielded 
0 266 g of resoromol dibenzoate (m p and mixed m p 
117°) A further 8 hr extraction removed aU the free re 
Borcmol fixim the urme and 0 27 g of the dibenzoate was 
obtamed Thus a total of 11 4% of the resoromol fed was 
recovered from the urme m the free state 

The glucuronide of resorcinol isolation of the resorcinol 
ghtcurontde gum The glucuromde gum (22 g ) was prepared 
by the usual basic lead acetate procedure from the 24 hr 
urme (1 6 1 ) of eight rabbits which had collectively received 
12 g of resoromol The gum was purified by dissolution m 
absolute ethanol and filtenng In this way 23 6 g of a 
viscous bro-wn gum were obtamed consistmg mainly of 
resorcinol monoglucuronide This gum was acidic, non 
reduomg, gave an ohve green colour ■with PeCl, and an 
mtense naphthoresorcmol reaction It was readily soluble 
m water, ethanol and ethyl acetate It could not be 
crystallized, or mduced to give orystallme salts -with organic 
bases 

Smce resoromol monoglucuromde is a phenol m which the 
position para to the phenoho OH group is unsubstituted, it 
should give a coloration ■with 2 6 dichloroqumone chloro 
imide In fact the gum gives an mtense purple colour with 
this reagent m shghtly alkahne solution (NaHCOj) and at aU 
\ alues of pH up to 10 This reaction m itself shows that the 
glucuromde of resorcmol is a monoglucuromde Resoromol 
itself gives a purplish red colour ■with 2 6 dichloroqumone 
ohloroumde The qumol monoglucuromde gum which has 
already been descnbed gives no colour ■with 2 6 diohloro 
qumone ohloroumde, a result to be expected smoe qumol 
glucuromde is a p substituted phenol 

Resorcinol monoglucuronide methyl ester The above gum 
(5 g ) was methylated m ethanol ■with ethereal diazo 
methane m Uydroxyphenylglucuronide methyl ester was 
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obtamed as an ether soluble, neutral, clear bro^wn gum 
(Found OCH3, 114 CigHjjOj requires OCH3, 10 3%), 
wbiob gave a transient purple eolour ■with FeClj 
Acetylation of resorcmol glucuromde methyl ester The 
ester (3 6 g ) was acetylated at room temperature with 
10 ml pyndme and 16 ml acetic anhydnde On pouring 
the mixture mto ■« ater a yellow od separated The oil ■was 
taken np m 60 ml CHCI3 and the solution washed succes 
sively -with 10 % Na2C03 , 2 k HCl and water After diying 
over anhydrous CaClj, the chloroform was evaporated, 
lea^vmg 4 g of a pale yellou gum which did not ciymtalhze 
The acetylation and e-xtraotion procedure was therefore 
repeated, but agam a yellow gum was obtamed The g um 
was dissolyed in 30 ml ethanol and water was added drop 
■wise ■wnth stimng After ■vigorous soratchmg the precipi 
tated matenal erystalbzed and eventually 3 16 g of small 
colourless needles, m p 112°, ■nere obtamed The m aceioxy 
phenyl triacetyl d glucuromde methyl ester was reorystaUized 
from ethanol, formmg small needles, m p 113-114°, 
-24 6° (c, 2 m acetone) (Found 0, 64 26, H, 6 2, 
OCH3, 6 9, CH3CO, 39 8 C3JH24O12 requires C, 63 85, H, 
6 2, OCH3, 6 6, CH3CO, 36 8*%) The compound was 
soluble m ethanol, acetone and chloroform, but insoluble in 
water It gave a strong naphthoresorcmol reaction when 
boiled for 2-3 mm ■with the reagents 
Hydrolysis of the acetylated resorcinol monoglucuromde 
methyl ester The ester (3 g ) was refluxed on a ■water bath 
■with 16 ml ethanol and 100 ml 4 n HCl for 2 5 hr A red 
bivwn solution ■« as formed which, on coolmg, deposited a 
reddish flooculent precipitate This precipitate is presum 
ably the result of the condensation of the fi^ee resoromol 
■with the fi«e glucuromc acid formed dnrmg hydrolysis of 
the ester (cf the naphthoresorcmol reaction) The solution 
was extracted 'with 4 x 76 ml ether and the combmed 
extracts dried over anhydrous NajSO^ Removal of the 
ether at 30° left a pale bro'wn gnm (1 63 g ) On benzoyl 
atmg the gum and pourmg the product mto water, an oil 
separated This was dissolved m 30 ml acetone which was 
then poured mto 100 ml water givmg 360 mg of small 
colourless plates of resoromol dibenzoate, which, after re 
crystallization from aqueous ethanol, had m p and mixed 
m p 117° -with authentic matenal 

The residual solution, after removal of resorcmol by 
ether, oontamed glnouronic aoid as mdicated by the 
ToUens test and by the reduction of Benedict’s and 
Fehbng’s solutions 

Search for resorcmol oxidation products Resoromol urme 
was also carefully exammed for hydroxyqumol, pyrogallol 
and phloroglucmol No trace of any of these phenols was 
found m either the ethereal sulphate or glucuromde fraction 
of the urme collected 24 or 48 hr after feedmg a total of 6 g 
resoromol ■to six rabbits 

The colour tests used were those descnbed by Porteous 
A Williams (1949 6), together -with a speoifio colour reaction 
for phloroglucmol In this ■test traces of phloroglucmol give 
a red orange colour ■with 0 26% aqueous qumol and 0 6 n 
KOH (cf Porteous & Williams, 1949 o) 

DISCUSSION 

I 

The quantitative aspects of the metabohc fates of 
the o , m- andyi-dihydroxyhenzenes are summarized, 
m Table 2, the values for catechol bemg quoted 
firom Garton & Wilhams (1948) Qumol and catechol 
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Table 2 The metaholrsm of the %soimnc dihydroxybenzcnes in the labbit 


Con]ugation (% of dose) 
- 


Compound 

As ethereal 
sulphate (E) 

As glucur 
onide (G) 

Total 

Catechol 

18 

70 

88 

Resorcmol 

13 6 

62 

66 6 

Qumol 

30 

43 

73 


Other metabolites detected 

3 9 Free catechol (2 % isolated), traces of 
hydroxyqumol as an ethereal sulphate 

3 0 Free resorcmol (11 4% isolated) (com- 
bmed + free = 77 %) 

1 4 Free quinol m traces (0 065 % isolated) 


are excreted almost entirely conjugated and although 
resorcmol is also highly conjugated, appreciable 
amounts (11-12% by isolation) are excreted m the 
free state The ratio glucuromde/ethereal sulphate is 
approximately 4 for both catechol and resorcmol, 
but only 1 4 for qumol, which is more highly conju- 
gated with sulphate than its isomers The propor- 
tion of the sulphate conjugation of qumol is twice 
that of its isomers and at first we suspected that 
qumol was bamg excreted as a disulphuric ester The 
evidence presented, however, mdicates that the 
ethereal sulphate is qumol monosulphuric acid 
A consideration of the figures for the sulphate con- 
jugation of resorcmol suggests that there is no 
reason to beheve that resorcmol forms other than 
a monosulphuno ester 

The glucuronides of resorcmol and qumol have 
been shown to be monoconjugates by the isolation 
and characterization of the crystaUme acetylated 
methyl esters (I) and (11) (w- andp-acetoxyphenyl- 
2 3 4 triacetyl-)9 n-glucuromde methyl esters) 



I (iJ=CH3COO, iJ'=H) n (JJ = H, JJ' = CH3C00) 


presence of a free phenoho hydroxyl group The 
proof that these glucuromdes were monoconjugates, 
therefore, depends on the elementary analysis 
of the ciystalhne acetylated methyl esters (I) 
and (11) and on colour tests for free phenohc 
hydroxyl groups The purified non-crystalhne 
qumol monoglucuromde gave a pale green colour 
with feme clfioride, its methyl ester a blue colour, 
whereas non crystaUme resorcmol monoglucuro- 
nide gave an olive-green and its methyl ester a 
transient purple colour Further evidence that 
resorcmol glucuromde contains a free phenohc 
group was obtamed by the use of 2 6-dichloro- 
qumone chloroimide (see p 236) 

Neither qumol nor resorcmol undergoes further 
oxidation in vivo as does catechol We searched 
very carefuUy for trihydric phenols, but we found 
no mdication of their presence In an earher paper 
(Porteous & Wilhams, 1949&) it was shown that 
phenol, catechol, qumol and hydroxyqumol were 
oxidation products of benzene m the rabbit The 
present paper shows that hydroxyqumol is not a 
metabohte of qumol, though we have shown it to 
be formed from catechol (Garton & Wilhams, 1948) 
Thus the hydroxyqumol m benzene urme must be 
derived from catechol A detailed study of the 
metabohsm of phenol m the rabbit (Garton & 
Wilhams, unpublished) has shown that phenol gives 
nse to catechol, qumol and hydroxyqumol Porteous 
& Wilhams (19496) suggested that benzene was 
oxidized m the rabbit eis foUows 


Our proof of the structure of catechol mono- 
glucuromde (Garton & Wilhams, 1948) depended 
on the fact that, on methylation with ethereal 
diazomethane, the glucuromde was converted to 
0 methoxyphenylgluouromde methyl ester Hydro- 
lysis of the crystaUme triacetyl derivative of this 
ester juelded catechol monomethyl ether, thus 
provmg that the ongmal glucuromde contamed 
one free phenohc hydroxyl group In the present 
work, however, we found that when qumol and 
resorcmol glucuromdes were methylated with 
diazomethane only the carboxyl groups were 
methylated Tlie non-erj’^staUme methyl esters of 
qumol and resorcmol glucuromdes obtamed gave 
colours with feme chloride, thus showmg the 


benzene — phenol — >■ catechol — > hydroxyqumol 

I 

qumol 

This scheme has now substantial experimental 
support 

The present work also raises the question, why is 
catechol oxidized to hydroxyqumol, whereais qumol 
and resorcmol are not? There are three possible 
answers to this question 

First, the enzymic systems which occur m animal 
tissues may oxidize only catechol It is known, for 
example, that the tyrosinase system wiU oxidize 
catechol, but not qumol and resorcmol (Nelson & 
Dawson, 1944, Sumner & Somers, 1947) Never- 
theless, Cadaen & DiU (1942) have obtamed from 
pig kidney a polyphenolase which oxidizes both 
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catechol and qumol This enzyme resembles the 
plant enzyme laccase which oxidizes qumol and 
catechol to qumones, but not resorcmol (Yakushiji, 
1940) Samisch (1937) claims that lemon leaves 
contam a metaphenolase which oxidizes resorcmol 
veiy slowly 

A second possible explanation may be derived 
from a consideration of the structures of the three 
phenols and their monoconjugates It is well known 
that phenols are oxidized either o- or p- to the 
existmg — OH group In the formulae (HI), (TV) 
and {V), the -o and p-positions are marked with X 


OR 

OR 

X 

OR 


X 

OH 

OH 

(HI) 

(IV) 


(V) 


and it is to be noted that m the resorcmol (TV) and 
qumol (V) derivatives, the positions X are all ortho 
to an existmg group There may, therefore, be stenc 
hmdranjce to oxidation m these positions There is 
one position X m the catechol denvative (HI) 
which IS not subjected to stenc hmdranoe by ortho 
substituents, and catechol is the only dihydric 
phenol which is metabolized to hydroxyqumol 
More information is required, however, on the meta- 
bohsm of hydroxyqumol before the plausibdity of 


1949 

this explanation can be assessed Prehmmary work 
on hydroxyqumol is m hand 

A third explanation takes mto account the tune 
factor If qumol and resorcmol were excreted more 
rapidly than catechol, then it is possible that 
catechol, because of its longer stay m the body, 
would have more chance of bemg oxidized than the 
others We have no exact data on relative rates of 
excretion of these phenols, except that we observed 
that m the doses used m the present work aU tliree 
were almost completely excreted withm 24 lir of 
dosmg 

SUMMARY 

1 The metabolism of qumol and resorcmol m the 
rabbit has been studied 

2 Qumol IS excreted almost entirely as mono 
glucuromde (43 %) and monosulphate (30 %) Only 
traces of free qumol are excreted 

3 Resorcmol is excreted as monoglucuromde 
(52%), monosulphate (13 6%) and m the free 
state (11 4%) 

4 Qumol and resorcmol monoglucuromdes were 
isolated and characterized as the crystallme methyl 
esters of the acetoxyphenyltnacetyl glucuromdes 

6 Neither qumol nor resorcmol is oxidized t« 
mvo to tnhydnc phenols or other substances 

6 The results have been discussed m relation to 
the metabolism of benzene, phenol and catechol 

The expenses of this work were m part defrayed by a 
grant finm the Medical Research Council 
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99 THE AIETABOLISM OF PHENACETIN (jj-ETHOXYACETAEILIDE) m RABBIT 

AFTD a further OBSERVATION ON ACETANILIDE METABOLISM 

By J N SMITH and R T WILLIAMS 
Department of Biochemistry, University of Liverpool 

(Received 21 July 1948) 


We have shovra. that acetamhde is converted m the 
rabbit mainly mto the glucuromdo and ethereal 
sulphate of p-acetamidophenol (Smith & Wilhams, 
1948), not more than 6-7% bemg excreted as 
compounds containmg free aromatic ammo groups 
Phenacetm has antipyretic and analgesic properties 
similar to those of acetamhde, but is less toxic The 
similar pharmacological properties suggest that 
phenacetm may give rise to the same metabohtes 
as acetamhde, and m this paper we shall show that 
this suggestion is true 

Earher workers showed that phenacetm caused 
an mcreased output of ethereal sulphate m man, the 
dog and the rabbit (Muller, 1888, M6mer, 1889, 
Baccarani, 1900, Hmsberg & Kast, 1887 , Mahnert, 
1888) and Mdmer isolated potassium p acetamido- 
phenylsulphate from the unne of patients receivmg 
phenacetm orally Tlie presence of a gluouromde 
and of compounds of p ammophenol m phenacetm 
urme from man, the dog and the rabbit w€is also 
suggested by this early work Accordmg to Muller 
(1888) no unchanged phenacetm is excreted, but 
MQmer (1889) found small amounts of phenetidme 
m human urme Hmsberg & Kast (1887) observed 
that a dog winch had received 3 g of phenacetm 
orally excretedurme which strongly reduced alkahne 
copper solutions , the significance of this observation 
iviU be discussed later 

EXPERIMENTAL 

The quaniilahve analyses earned oat on phenacetm urme 
are quoted m the succeeding paper (Smith & Wilhams, 
1949a), m which analytical figures for a number of related 
aromatic ammes are discussed together At this pomt it 
may be mentioned that phenacetm undergoes only a very 
shght deacetylation in the rabbit and it is to be eiipected, 
therefore, that the major metabohtes will be aromatic 
ttcetamido compounds 

The nature of phenacetm unne The urme of rabbits re 
ceivmg 0 3-0 7 g /kg phenacetm oraUy had pH c 8 and was 
normal m appearance It did not reduce Benedict’s reagent 
immediately, but a slight reduction was apparent on 
allowing the test mixture to stand It gave no colour with 
FeClj and only a very shght red colour m the diazo 
test (diazotization and coupling with 1 naphthyldimethyl- 
amine) The urme yielded no ether soluble matenal on 
shakmg with ether in a separating funnel 


1 The ethereal sulphate fraction of phenacetm 
unne 

(a) Detection of free p phenetidme 

A 24 hr unne (1 1 ), collected after the feeding of 15 g 
phenacetm, was evaporated m vacuo at 40—50'’ to 200 ml 
Phenetidme was detected m the distillate by the per- 
manganate like colour it gives with Fedj, but it could not 
be isolated m sufficient amount for identification The con- 
centrated unne was saturated with (NH^ljSO^ and then 
extracted with 2 x 200 ml portions of acetone The acetone 
extract was separated (leaving an aqueous layer Q con- 
taining gluouromde, see section 2 (6) (i)), neutralized with 
aohd KjCOj, filtered and reduced to 60 ml in vacuo The 
residue B was shaken with 600 ml dry acetone and the 
supernatant layer separated and reduced to 60 ml (0) in 
vacuo 0 was now extracted with, ether and the extract on 
evaporation yielded a small oily residue (B) which appeared 
by colour teats to be phenetidme D was dissolved m 1 ml 
2 n HCl, filtered, neutralized with dilute Na^CO, solution 
and extracted with ether The extract was evaporated, and 
the residue treated with a httle acetic anhydride and dilute 
NajCO, solution Phenacetm separated and, reorystallized 
from a httle hot water, had m p and mixed m p 132“ 
(yield, 10 mg , or 0 07 % of dose) 

(b) Isolation of p ammophenol 
The ether extracted concentrate C (above) was a syrupy 
hquid It was practically free of gluouromdes and gave no 
precipitate with BaCIj until boiled with dilute HCl It did 
not reduce ammomaoal AgNOj and gave no colour m the 
diazo test, but both these tests becamp positive after 
hydrolysis This fraction, therefore, contamed the ethereal 
sulphate of an acetylated ammophenol 
A 30 ml portion of G was boiled for 10 mm with 3 ml of 
cone HCl The mixture was cooled and extracted with 
ether The extract was evaporated to 6 ml and stirred with 
dilute NajCOj solution and a httle acetic anhydnde The 
sohd which separated was reorystallized from benzene and 
the crystals (plates) obtamed were identified as ON- 
diacety] p ammophenol, m p and mixed m p 150° 
(Pound N, 7 3 Calo for C,oH,iO,N N, 7 26% ) The yield 
was 120 mg , or 1 3 % of dose The ethereal sulphate 
finction, therefore, contamed p acetamidophenylsulphnno 
acid 

2 The glucuTonide fraction of 
phenacetm urme 

(a) Isolation of p acetamidophenylglucuronide 

24 hr urme (400 ml ) from two rabbits, which had 
each received 2 g (0 7 g /bg ) of phenacetm, Was acidified 
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with a little glacial acetic acid and. treated with 100 ml 
saturated lead acetate solution The precipitate was dis 
carded The filtrate was made just alkalme with ammonia 
(sp gr 0 88) and the precipitate which formed was col 
lected, washed weU with water, then suspended m water and 
treated with a current of HjS to remove Pb After filtermg 
fi:om PbS, the filtrate was reduced tn vaciU) at 45° to 6 ml 
Addition of ethanol threw down a ropy precipitate which 
dissolved on warmmg and came down agam on coohng as 
a gum contaimng some crystals The whole was, therefore, 
reduced xn vacuo to 6 ml and then mixed with 4 ml of 
benzylamme This mixture was now diluted to 1 1 by 
alternate additions of ethyl acetate and ethanol so that the 
last addition of ethyl acetate produced a shght cloudmess 
After keepmg at 0° for 3 hr the crystaUme precipitate 
(1 65 g ) was filtered oft and the mother hquor diluted to 
2 1 with ethyl acetate On keepmg overnight at 0° a 
further 0 66 g of crystals was obtamed Concentration and 
redilution of the mother hquor yielded a further 0 6 g 
These crystals were identified as the benzylamme salt of 
p acetamidophenylglucuromde, m p and mixed m p 
195-197° after reciystaUization from aqueous ethanol, 
[0]^° -60° (c, 14 m water) (Pound N, 6 2 Calc for 
CjiHojOgNj HjO N, 6 2%) (See Smith & WiUiams, 

1948 ) The yield corresponded to 32% of the dose of 
phenacetm , quantitative estimations showed that 47 % of 
phenacetm is excreted aa a glucuromde (Smith & Wilhams, 

1949 a) 

(6) Tlie detection of a labile glucurontde 

In the snoceedmg papers (Smith & Wilhams, 1949 o, b) 
it 18 suggested that the mam metabohtes of amlme and 
phenetidme m the rabbit are labile gluouromdes Non 
both acetanflide (Smith & Wilhams, 1948) and phenacetm 
undergo a very shght deacetylation m the rabbit and should, 
therefore, give nee to amah amounts of these labile glu 
curomdes These substances can be detected m urme be 
cause they yield, m the presence of p toluidme and NH4+ 
10ns, a crystallme complex of p tolmdme and ammomum 
gluouronate The nature of this complex is discussed by 
Snuth & Wdhams (19496) 

(1) Detection of a labile glucuromde xn phenacetm unne 
The aqueous residue O (see Section 1 (a)) left after removal 
of the sulphate fraction from phenacetm urme by acetone 
consisted of 60 ml of urme saturated with (NH4)jS04 
Into this was stirred 1 g of p tolmdme dissolved m a httle 


1949 

were recrystaUized from water and had m p 125-128°, not 
depressed on admixture with the p tolmdme ammomnm 
glucuronate complex from amlme or phenetidme urme The 
compound rapidly reduced Benedict’s reagent and gave the 
Tollens naphthoresorcmol reaction very readdy 

(u) From acetanilide urine A 24 hr urme (800 ml ) from 
rabbits which had coUeetively received 10 g acetamhde was 
reduced in vacuo at 40-60° to 160 ml The concentrate was 
acidified with a httle 2 k-HC 1, saturated ivith (NH4)jS04 
and extracted with acetone (2 x 150 ml ) The aqueous layer 
was separated and treated with an ethanohc solution of 6 g 
p toluidme followed by 60 ml ethanol On keepmg this 
mixture, sohd (NH4)jS04 separated and settled on the 
bottom of the vessel w hereas crystals of the p toluidme 
ammonium glucuronate complex collected at the ethanol 
water mterface The complex was collected and recrystal 
lized from water (yield, 30 mg or 0 1 % of dose) It had 
m p and mixed m p 126-128° with the corresponding 
product from amlme urme (Found N, 9 6 C.qHjiOjNj 
requires N, 9 9 % ) It gave a characteristically rapid 
Tollens reaction and reduced Benedict’s solution readily on 
warmmg 

DISCUSSION 

The present work shows that the mam metabohtes 
of phenacetm m the rabbit are the same as those of 
acetamhde, 1 e p-acetamidophenylglucuromde and 
p acetarmdophenylsulphnric acid, and quantita 
tively these account for 64 % (47 % as glucuromde 
and 7 % as ethereal sulphate) of the phenacetm fed 
These metabohtes are produced m rouglily the same 
ratio as found m p-acetamidophenol or acetamhde 
metabohsm, for the glucuromde/ethereal sulphate 
ratio for phenacetm is 6 9, for p acetamidophenol, 
6 3 and for acetamhde, 6 8 (see Smith & Wilhams, 
1948) From our present results and those on 
acetamhde it appears that phenacetm and acetam 
hde owe then therapeutic activity to then metabohc 
conversion to p-acetarmdophenol (cf Hmsberg 
Treupel, 1894) This phenol is probably then macti 
vated by conjugation with glucuromc and sulphuric 
acids In the case of acetamhde the process of 
activation mvolves oxidation, whereas with phen 
acetm it mvolves de ethylation thus 


Drug activation 


Drug mactivation 


CH, CO NH CjHj 


\ 


CH, CO NH C,H4 



conjugation 

CH3 CO NH CjH 4 oh >- 0 conjugates 


acetone After several hours the crystallme precipitate 
which had separated was filtered off and washed with 
acetone to rfemove excess p toluidme The crystals (60 mg ) 


Phenacetm is more satisfactory as an analgesic 
and antipyretic drug than acetamhde It has been 
suggested that the rate at which a drug of this group 
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METABUL/iSiM UJJ jrxLCJxNAvvoiix^'i 
.sltabob.ed (P»s>bnably to p acetaoudopbeno.) ™ have not y^t eK.o^tod 

depend, on d, " "idlySf;— o ac/ wh.cb"fonn. a 

characteristic crystallme complex m the presence 
of p tolmdme and ammomum ions This complex 
■was isolated from both phenacetm and acetamhde 
iirmes, the yields correspondmg to 0 1 % of the dose 
m each case It was suggested m an earher paper 
(Smith & Wilhams, 1948) that the metabolism of 


ayTJtJXAua uju. Auo ^ \ w - 

1894) Thus molecules smaller than phenacetm are 
rapidly metabohzed and are consequently more 
toxic, whereas with larger molecules such as the 
propyl and amyl analogues of phenacetm, the 
change is probably slower and, while toxic effects 
' are less marked, there is also a loss of therapeutic 
effect (see Gaddum, 1944) 


NH CO CH, 



OC^Hj 

(0 07 % of dose 
isolated) 



labile glucuromde (0 1 %) 


NH CO CH3 



33 % by isolation 
(48 % , total 
gluouTonide) 


NH CO CH3 



1 6 % by isolation 
(7 %, total 
sulphate) 


If it 18 conceded that both the therapeutic and 
toxic effects of acetamhde and phenacetm are due 
to the metabolic formation of p acetamidophenol, 
then the greater efficiency and lesser toxicity of 
phenacetm are due to its de ethylation bemg a 
slower process than the oxidation of acetamhde 
The toxic effects of phenacetm are also less than 
those of acetamhde because the slower rate of 
production of p acetamidophenol pemuts a more 
efficient deto'^cation by conjugation 

The extent of deacet 5 dation of phenacetm m the 
rabbit is very small, but we were able to detect 
traces of phenetidme m the urme This small amount 
of phenetidme should give rise to phenetidme meta- 
bolites Similarly, acetamhde is shglitly deacety- 
Intcd by the rabbit, and should, therefore, give nse 
to email amounts of amlme metabohtes Now the 
major metabohtes of both amlme and phenetidme 
in the rabbit are labile glucirromdes whose structure 


acetamhde would be similar to that of amlme m 
ammals capable of extensively deacetylatmg the 
aromatic acetarmdo group Such animals are the 
dog, cat, and pigeon (Krebs, Sykes & Bartley, 
1947) As mentioned earher Hmsberg & Kast 
(1887) observed that a dog receivmg phenacetm 
excreted a strongly reduemg urme This observa- 
tion can now be explamed, for the dog probably 
converts phenacetm to a considerable extent to 
phenetidme which may then give nse to the labile 
glucuromde winch we have found to be the major 
metabohte of phenetidme m the rabbit 

The mam features of the metabohsms of phen- 
acetm m the rabbit are as shown above Tliese 
findmgs are probably apphcable to man but not to 
the pigeon, dog and cat 

In the case of acetamhde, a mmor pathway of 
metabolism can now be added to the results given 
earher (Smith & WiUiams, 1948) 


Acetanilide 


Slajor path 


Oxidation 


p acetamidophenol 


Minor path 
deacetvlation 

Y 

Amhne 

(0 2 of dose 
isolated) 

Biochem 1949, 44 


labile glucuromde 


0 conjugates 
(82 % of dose) 


16 
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SUMMARY 

1 The fate of phenacetin has been studied m the 
rabbit and it has been found to he largely trans- 
formed mto p acetamidophenylgluouronide and jp- 
acetanudophenylsulphuno acid, these occurrmg m 
the urme m the ratio 6 9 1 The major metabohc 
change undergone by phenacetin is, therefore, de 
ethylation, followed by conjugation 

2 Deacetylation of phenacetm takes place only 
to a very minor extent Tins was shown by the 
detection of traces of free p-phenetidme m the urme, 
and the isolation of mmute amounts of a crystalhne 


1949 

complex of p tolmdme and ammonium glucuronate 
derived from a labile glucuromde which is a major 
metabolite of p -phene tidme m the rabbit 

3 Acetanilide is also shghtly deacetylated, for 
acetanihde urme also contains traces of a labile 
glucuromde which is a major metabolite of amlme 
(see Srmth & Williams, 1949o) 

4 The results obtamed have been correlated 
with the known therapeutic and toxic effects of 
phenacetm and acetanihde 

The expenses of this work were partly defrayed by a grant 
from the Medical Research Conned 
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{Received 21 July 1948) 


In the past numerous mvestigations (see summary 
by Gross, 1946) have been carried out on the fate of 
acetamhde m the body, but few on anilin e This is 
probably the result of the behef that auilme and 
acetanihde are mteroonvertible in vivo We have 
now found that m the rabbit this is not wholly 
true In this animal acetanihde is almost entirely 
converted mto the glucuromde and ethereal sulphate 
of p acetamidophenol, the excretion of compounds 
contairung free diazotizable ammo groups bemg 
about 6-7 % of the dose (Smith & Wilhams, 1948 a) 
Furthermore, p substituted acetaruhdes are either 
excreted completely unchanged or deacetylated 
only to a very small extent (Smith & Wilhams, 
19486, 1949o) In this paper we shall show that 
anihne gives nse to metabohtes different from those 
of acetanihde 

The recent work of Krebs, Sykes & Bartley (1947) 
has shown that the extent of deacetylation of the 
aromatic acetarmdo group depends on animal 
species, deacetylation bemg extensive m the cat, 
dog and pigeon, but very small m man and the 
rabbit From this it follows that amlme and 
acetamhde are hkely to give rise to similar meta- 
bohtes in animals such as the dog and cat, but to 
different ones m man and the rabbit 


Earher work on the fate of amlme appears to be 
very scanty Muller (1887) studied a human case of 
poisomng by 25 g of amlme, and found that the 
urme reduced Felihng’s solution and contained 
conjugated p-ammophenol Schmiedeberg (1878) 
fed dogs with amlme acetate and identified p 
ammophenol m the urme after acid hydrolj^is 
Accordmg to Elson, Goulden & Warren (1946) rats 
probably excrete amhne as the ethereal sulphate of 
p ammophenol It is clear from this earher work 
that conjugated p a mm ophenol is a metabohte of 
anihne, but we shah, show that m the rabbit this 
phenol IS not a major metabohte 

The study of the metabohc fate of anihne is not 
only of considerable theoretical mterest, but it is 
also important because of the possible role of anihne 
as a bladder carcmogen (for discussion see Goldblatt, 
1947) 

I QUANTITATIVE INVESTIGATION OF 
TYPES OF COMPOUNDS EXCRETED 

Expemmentax 

Olucurontc acid and ethereal sulphate in nrino were do 
termmed as described m earlier papers from this lahoratorj 
(eg Smith & Wilhams, 1948a) 
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Btaio test Throughout this paper this term means diazo 

1% mNO. ana aa.« HOI, 

lo/„ ammomum sulphamate foUowed by coupling mth 1 /o 
ethanohc 1 naphthyldnaethylamine 

Free amnatic amtno grozips were detem^ed^mg 
modiRcation of the Bratton & MarshaU (1939) 
sulphanilamide Three compounds, namely, amh^ hydro 
chloride and o and p ammophenylglucuromdes (-WiUiams, 
1943) were used as standards If a dilute solution of any o 
these three compounds is diazotized and coupl^ mth 
(1 naphthyl)ethylenediamm0 as m the Bratton & Marshall 
procedure a red (amhne and o aminophenylgluc^omde) 
or red purple (p ammophenylglucuromde) colour develops 
gradually and reaches a stable mtensity m 24 hr A simdar 
slow rate of colour development was also found when 
1 naphthyldimethylamme and sulphatoethyltolmdme were 
used as couphng agents, but they were not as sensitive 
as naphthylethylenediamme In order to obtam repro 
ducible results diazotization had to be prolonged for 10 mm 
at 20° before addmg the couphng agent, and furthermoro 
It was found that the final colour mtensity depended on the 
concentration of acid m the solution, a pomt which had to 
be considered m the construction of cahbration curves for 


p ammopbenols do not yield mterfering colours, and if 
present m unne are not estimated i. j 

‘Total’ aromatic ammo groups were estimated y ^ 
flame general procedure In this case 10 
were Lied with 1 6 ml 4 n HCl and heated for 1 to m a 
boding water bath After cooling the solution, the pro 
cedure was as mdioated above, except that the absorptio 

meter readings were referred to thw 

structed using 1 5 ml 4 n HCl mstead of 0 ^ 
procedure acetamhde m pure solution could be deternm d 
almost quantitatively Under the hydrolysis con^taons 
used, o ammophenylglucuromde is only hydrolyzed to a 
Blight extent, for the colour ratio o ammophenylglucuromde/ 
a^e changes only &om 104 to 0 91 With p ammo- 
phenylglucuromde hydrolysis of the glycuromdio hnk 
proceeds further for the colour ratio p ammophenyl- 
glucuromde/amhne changes from 0 84 to 0 69 

Owmg to the vanable extents of hydrolysis of the con- 
jugated metabohtes encountered m the urmes exammed, 
the estimations of ‘total’ aromatic ammo groups are not 
easily mterpreted, and, therefore, are quoted (m Table I) 
with reserve The estimations of ‘free’ aromatic ammo 
groups, however, are more capable of mterpretation 


‘free’ and ‘total’ ammo groups 

The procedure finally adopted was as follows The urme 
was diluted so as to contam an eqmvalent of 1-8 mg /I of 
anilme 10 ml of diluted unne were mixed with 0 6 ml 
4 n SCI foUowed by 1 ml 01% NaNOj and allowed to 
stand 10 mm at room temperature, then 1 ml of 0 5% 
ammomum sulphamate was added followed 2 mm later by 
1ml of 01% aqueous JV (1 naphthyl)ethylenediamme 
hydrochloride After mixing, the solution was left for 24 to , 
then made up to 25 ml with water, and the colour measured 
uith a Spekker photoelectno absorptiometer using an 
Ilford no 605 yellow green filter The readings were then 
referred to cahbration onrves constructed m the same way, 
but usmg standard aqueous solutions of amhne hydro 
chloride, o or p ammophenylglucuromde instead of urme 
The o gluouromde gives the same red colour as does anibno 
the colour ratio o glucuromde/anihne being 1 04 The p- 
glucuromde gives a shghtly different colour (red purple), 
and using the same filter (no 605) the colour ratio p 
gluouromde/amhne=:0 84 In this procedure the free o and 


RESULTS 

The excretion of conjugated glucuronic acid and 
ethereal sulphates and of diazotizable ammo groups 
by rabbits receivmg oral doses of ambne, phene - 
tidine, 0 - and p-ammophenols and their A’-acetyl 
derivatives are given m Table 1 

The results for the acetylated compounds are 
more easdy mterpreted than those for the free 
ammo compounds because the quahtative results 
(Smith & Wilhams, 1948®, 1949 a) show that the 
metabohsm of the acetyl derivatives is the less 
comphcated, they do not undergo deacetylation to 
any great extent 

For the acetyl compounds the percentage of total 
diazotizable ammo groups (Table 1, column 7) is 
expected to be only shghtly less than the percentage 
of gluouromde (column 3), for the followmg reason 




Table 1 The excretion of conjugated glucuronic acid and stdpJuxfe and of diazotizable amino groups 
by rabbits receiving aniline and its derivatives orally [averaged results) 


Percentage excreted 


Compound fed 

Dose 
(mg /hg ) 

As 

glucuromdo 

(U) 

Amhne ' 

200 

70 

p Etlioxyaoihne (phenetidme) 

300 

120 

p Aramophcnol 

260 

43 

0 Aimnophenol 

210 

(28)1: 

Acetanilide 

260 

70 

p Ethoxyacotembdo (phenacetm) 

350 

48 

j> Acctamidopheuol 

280 

63 

0 Vcctamidophenol 

280 

39 


As 

ethereal 

sulphate 

(E) 


Containing diazotizable 
ammo groups 

A 

QjE 

Tree 

After acid 
hydrolysis 

28 

26 

40* 

60* 

30 

40 

,3t 

26t 

18 

26 

28t 

46t 

25 

1 1 

33§ 

42§ 

12 

68 

6,-^ Vt 

37.* 61t 

7 

69 

Of 

49t 

10 

63 

ot 

49t 

20 

20 

3 6§ 

33§ 


* -X-uihuc as standard 

+ This figure will be too low because o ammophenylglucuromde 
^ o Ammophenvlgluouromde as standard 


t p Ammophenylgluouromde as standard 
cannot be estimated by the naphthoresoromol method 
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Qualitative results show that the mam glucuromde 
excreted after admimstration of acetamhde, phen- 
acetm and p acetamidophenol is p acetamido- 
phenylglucuromde and the ethereal sulphate is p- 
acetamidophenylsulphunc acid Under the condi 
tions of hydrolysis for the estimation of total ammo 
groups the ethereal sulphate is completely hydro 
lyzed to p armnophenol winch gives no colour m the 
estimation procedure , the glucuromde, however, is 
deacetylated to p ammophenylglucuromde which is 
only shghtly hydrolyzed to p -armnophenol Thus 
the amount of p -ammophenylglucuromde produced 
by hydrolysis, and estimated by diazotization and 
couphng should be only shghtly less than the 
amount ofp-acetarmdophenylglucuromde estimated 
by the naphthoresorcmol reaction m the unhydro- 
lyzed uxme 

An examination of the figures for p ammophenol 
suggests that both p-acetamido- and p armno- 
phenylglucuromde are its metabohtes, because the 
figure for the total diazotizable ammo groups (46 %) 
IS almost identical with the figure for glucuromde 
output (43 %), and there is an mcrease m diazo- 
tizable ammo groups on acid hydrolysis firom 28 to 
46% This mcrease must be due to hydrolysis of 
the p-acetamido- to the p ammo glucuromde, 
because hydrolysis of the ethereal sulphate will 
give p ammophenol which has no effect on the 
diazo reaction 

In the case of o-ammophenol, the total glucuro- 
mde formed is probably more accurately given by 
the figure for the total ammo groups (42%), the 
figure of 28 % obtamed by the naphthoresorcmol 
method is defimtely too low because Hanson, Mills 
& Wilhams (1944) have shown that o ammophenyl- 
glucuromde 18 not completely hydrolyzed under 
the conditions of their method for estimatmg 
glucuromc acid 

n THE ISOLATION OF ANILINE 
METABOLITES 

Experueental 

1 The effects of amhne on rabbits 

Each dose (c 0 6 g /kg in most cases) was dissolved in 20 ml 
water containing just enough HCl to give a clear solution 
The amount of HCl used was less than that required to form 
the hydrochloride and this solution »was better tolerated 
than a nilin e hydrochloride Single doses of 1 3 g /kg were 
not fatal m this form, but doses of 0 3 g /kg repeated daily 
for 4 days were fatal Anilin e had no narcotic effect similar 
to that of acetamhde (Smith Wilhams, 1948 a) 

2 The nature of aniline unne 

The urme had a dark colour but a normal pH of 8 This 
colour did not appear to be due to porphyrins, for the urme 
under ultraviolet hght showed not a red hut a pale green 
fluorescence The urme readily reduced Benedict’s solution 
and the reduomg substance was not glucose (osazone test) 
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No reducmg substance could be extracted by ether, butanol 
or amyl alcohol at different values of pH 

The urme ffom two rabbits, each of which had received 
3 g of amhne, was foimd to contam 4 4 g extra glucuromc 
acid (estimated by the method of Hanson ei al 1944) By 
titration with Benediot!s quantitative reagent the unne vas 
found to contain 3 8 g of reducmg matenal, calculated as 
glucuromc acid From this it can be deduced that a nilin e 
urme contains at least two glucnromdes, one reducing and 
present m large amount, and the other non reducing The 
urme gave a strong red colour m the diazo test thus showing 
the presence of free aromatic ammo groups The ToUens 
test for glucuromc acid was given very readily, for a deep 
blue precipitate was formed even before the mixture had 
reached boihng pomt These tests suggested that amhne 
urme may contain a very labile, reducmg glucuromde 
Neither the urme itself nor ether extracts of it gave any 
colour with PeClj and from this it could be concluded 
that free ammophenols were not present The urme was 
shghtly laevorotatory, filtered and clarified with a few 
drops of HCl it gave a^, - 0 18° m a 1 dm tube From a 
knowledge of the extra glucuromp acid content (0 8 g / 
100 ml ) of this unne and assuming that the gluciuomde 
present is p ammophenylglucuromde for 1 dm should be 
- 0 64° (see WiUiams, 1943) Thus the conclusion can be 
drawn that the mam glucuromde is not that of p ammo 
phenol , 

3 Extraction of aniline unne with ether 
Isolation of unchanged aniline 

(а) At acid reaction Contmuous ether extraction of 
acidified amhne urme yielded no matenal denved from 
a nilin e 

(б) At alLahne reaction A 24 hr urme (1200 ml), 
collected after feeding 12 g amhne, was treated with a few 
ml of 2 n KOH and extracted contmnously with ether for 
1 hr The extract, dried over NojSO^, was evaporated, 
leavmg 0 42 g of a dark od which was identified as aniline 
by preparmg from it tnbromoanihne (m p and mixed m p 
117—118°) and benzamhde (0 76 g , m p and mixed m p 
160°) In other experiments the dned ether extract was 
treated inth a saturated ethereal solution of oxaho acid and 
the crystalbne precipitate of amhne hydrogen oxalate 
(m p 158°, Anselmmo (1903) gives m p 163°) collected, 
dned and weighed The recovenes of free amlme in five 
expenments were 3, 6, 6, 9 and 9 6% (average 6 6%) of the 
dose Neither acetanihde nor ammophenol was found 

(c) The origin of the free amhne The amhne isolated 
could either be free, unchanged amlme or it could arise by 
decomposition of a labile precursor That the second possi 
bihty was unlikely was shown as follows 12 g of anihne 
were fed to six rabbits and the urme (960 ml ) collected for 
24 hr To 360 ml of the urme were added 10 g of NoaCOj 
and the whole was extracted with ether for 4 hr On 
addition of ethereal oxaho acid to this extract there was 
obtamed0 8g ofanihne hydrogen oxalate Another 350 ml 
of the urme was treated in a similar manner except thab 
before ether extraction, the alkahne urme was boile 
vigorously for 10 mm The yield of ani hne hydrogen oxalate 
was again 0 8 g In another experiment 400 ml of anihne 
urme were made alkahne and exhaustively extracted 
ether to remove fiiee anihne To the urme were now odde 
40 ml of cone HCl and the whole was boiled for 20 mm The 
hydrolyzed urme was cooled, neutralized with 40 % NaUH, 
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made alkalme -with solid NajCOj and extracted exhaustively 
with ether Although this extract contained aminophenols 
(see below) it contamed no trace of amhne 
These experiments show that the aniline present in the 
mine probably occurs as such for there is no increase in the 
amount present when the urme is heated with acid or 
alkah 

4 The ethereal svlphate fraction of aniline urine 
Isolation of o- mid p aminophenols and detection 
of 4 aminoresorcinol 

(a) Mild hydrolysis of aniline unne Amhne urme 
(400 ml from 6 8 g amhne) was made alkahne with a httle 
2 n NaOH and the free amhne removed with ether as 
described above It was then acidified with 40 ml cone 
HCl and boded for 20 mm After coolmg, it was neutralized 
with NaOH, made alkalme with 1 g sohd Na^COa and con 
tmuously extracted with ether for 1 6 hr The extract was 
reduced to 10 ml and the crystals (60 mg ) which separated 
collected they had m p 180°, gave a purple colour with 
FeGla and were identified as p ammophenol by conversion 
to ON dibenzoyl p ammophenol, m p and mixed m p 230° 
(}ueld, 0 9 % of the dose) The filtrate was reduced to 0 6 ml 
on the water bath and on coohng 60 mg of yeUow plates 
separated These were collected and found to give a red 
colour with FeCl, and an mtense yellow colour with mtrous 
acid, but no immediate red colour m the diazo test They 
were identified as o ammophenol by conversion mto ON- 
dibenzoyl o ammophenol, m p and mixed m p 178-179° 
(jueld, 0 7 % of the dose) The residue, which remamed after 
separation of the o and p ammophenols, gave colour re 
actions for 4 ammoresorcmol, for on shakmg m aur m the 
presence of NaOH it gave an mtense blue colour which on 
standing faded to green and finsJly (1 hr ) to brown 
(Hennch <L Wagner, 1902) 

We prepared 4 ammoresorcmol hydrochloride by the 
method of Hennch iL Wagner (1902) and earned out tnal 
separations of the three phenols, but we failed to isolate the 
labile 4 ammoresorcmol from a nilin e urme m pure crystal- 
line form When fed to a rabbit, 4:-ammoresorcmol (0 6 g ) 
causes the excretion of a urme which is almost black m 
colour 

(6) Acetone ammonium sulphate fractionation of aniline 
urine A total of 8 g amhne was fed to four rabbits The 
24 hr urme (800 ml ) was evaporated tn. vacuo at 40-46° to 
100 ml The concentrate was acidified with u httle HGl, 
saturated with (NHi)iSOi and then shaken inth 250 ml 
acetone The ethereal sulphates present, together with some 
glucuronides, passed mto the acetone layer The mam bulk 
of the labile glucuromde (see p 247) and other material 
reacting with naphthoresorcinol remamed m the aqueous 
laicr The acetone extract was made alkahne with sohd 
and concentrated to a small volume in vacuo at 
40-50° Dr\ acetone was now added and a small flocoulent 
glucuromde contammg precipitate which rapidly turned 
mto gum was deposited on standmg After removal of this 
gum, the acetone solution gave only a weak naphtho 
resoremol reaction and contamed no morgamc sulphate, 
but gave strong tests for ethereal sulphate It was taken to 
small bulk in vacuo Attempts to cnstalhze the oigamc 
sulphate or prepare crystalhno denvatives such as benzyl 
amme salts were unsuccessful The concentrate gave strong 
tc-its for free ammo groups and ethereal sulphates, but did 
not reduce ammomacal AgNO, It was, therefore, acidified 
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with 0 I vol cone HCl and boded for 10 mm to hy^olyze 
the ethereal sulphates and then dduted ^to 60 ml with 
water The solution notv reduced ammomacal AgNOg ai^ 
gave an mtense blue colour on shakmg m air with NaOH 
solution, mdicatmg the presence of 4-ammore8orcmol The 
mam bulk of the hydrolyzed solution was extracted with 
2 X 100 ml ether Evaporation of the ether left a small 
amount of dark tar which gave no diazo or FeClj test The 
residual solution was, therefore, made alkalme with sohd 
NajCOa and extracted with 2 x 100 ml ether From this 
extract p ammophenol (3 1 % of the dose) and o ammo 
phenol (0 3% of the dose) were isolated and identified as 
before 

Tb.e residuo after separation of these two phenols left on 
evaporation a small tarry residue giving a famt red colour m 
the diazo test On shakmg the tar m air with NaOH 
solution an mtense blue colour was obtamed which faded to 
brown m about an hour 4 Ammoresorcmol was thus 
present, but attempts to obtam orystaUme derivatives were 
unsnccessfuL 

6 The glucuromde fraction of aniline urine 

(а) Preparation of the glucuromde gum 12 g of amhne 
were fed to eight rabbits and the urme was collected for 
24 hr Free amhne (3 % of the dose) was removed with 
ether as described m section 3 (6) The alkalme urme was 
now made famtly acid and lead acetate added until no 
further precipitation occurred The precipitate was re- 
moved and the filtrate was neutralized with ammoma and 
an excess of saturated basic lead acetate added The pre- 
cipitate was filtered, washed with water, and then sub 
pended m water and Fb removed with HjS The Pb free 
ffltrate was dried in vacuo at 40-50° to a reddish gum (24 g ) 
which was purified by dissolvmg m the minimum of water 
aud pouring mto ethanol A precipitate of morgamc 
material separated and after filtration the solution was con- 
centrated in vacuo at 40-60° to a gum which reduced 
Benedict’s solution on wanning, gave a weak red colour m 
the diazo test, and reacted very rapidly m the ToUens test 
for glucuromc acid. The gum could not be mduced to 
crystallize and its potassium, brueme, o tolmdme and 
benzylamme salts separated from ethanol as flocoulent 
precipitates which readily formed gums It contamed no 
ether soluble material 

(б) Isolation of p ammophenol from the gum The purified 
glucuromde gum obtamed after feedmg 6 g of amlme was 
dissolved m 150 ml 6n HjSOj, filtered and then boded for 
2 5 hr The dark hydrolysate, after coohng and makmg 
alkahne, was extracted for 3 hr with ether which on 
evaporation left a crystaUme residue from which 160 mg 
(6 % of the dose) of p ammophenol, m p 182-184°, were 
obtamed No other phenol was identified m the hydro- 
lysate 

(c) Methylation and acetylation of the gum Isolation of 
p acetamidophenyltnacetylglucuromde methyl ester Methyl- 
ation of the gum with dimethyl sulphate and alkah followed 
by AgjO and methyl iodide yielded no crystalhne product 
A simdar result was obtamed on acetylation of the gum with 
pyndme aud acetic anhydnde A oiystaUme denvative 
was, however, obtamed by the foUowmg procedure 2 g of 
the gum dissolved m 10 ml absolute ethanol were treated 
with an excess of diazomethane m 100 ml dry ether, a 
small precipitate appeared After standing for 24 hr ’at 
room temperature the precipitate had partly dissolved agam 
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and the whole was evaporated tn vacuo The product, a 
brown gum which would not crystallize, was dissolved m 
30 ml of a pyndme acetic anhydride mixture (1 1) and 
kept overmght It was then poured mto 200 ml water and 
the solution was extracted with chloroform The extract, 
washed free of acetic acid with water, gave on evaporation 
a gum which crystallized from acetone water mixtures as 
long needles, m p 100° (resohdifymg and then meltmg 
agam mdefmitely at 170-180°) This compound appears 
to be a dimorphic p acetamidophenyltnacetylglucuronide 
methyl ester (yield 70 mg , 1 % of the dose) On recrystal 
hzation from absolute ethanol it yielded needles, m p 206°, 
not depressed by an authentic sample (Smith So WiUiams, 
1948 a) It showed [a]™ -22 4° (c, 4 m chloroform) 
(Found Cj 64 3, H, 6 6 Calc for CjiHj^OnN C, 54 0, 
H, 6 4% ) In another experiment 0 6% of the dose was 
isolated as this ester 

The two methyl esters, m p ’s 100 and 206°, have been 
described by us in an earher paper (Smith & Wilhams, 
1948 a) and we suggested that the former was a hydrate of 
the latter, but we only quoted analyses for the latter com 
pound We now find that both give analj’^ses correct for the 
anhydrous compound and show identical specific optical 
rotations m chloroform The ester of m p 100° gave the 
foUowmg analysis Found C, 63 6, H, 6 66, N, 3 2 Calc 
for CiiHjsOuN C, 64 0, H, 6 4, N, 3 0% [a%-22 1° 

(c, 7 m chloroform) We conclude, therefore, that we hai o 
here a case of dimorphism Neither of the two forms ob 
tamed from the amlme gum depressed the m p ’s of the 
corresponding authentic forms prepared synthetically from 
p ammophenylglucuromde 

Our results so far mdicate that the gum contams either 
p ammophenylglucuromde or p acetamidophenylglucuro 
mde, or both, but the small yields of the above denva 
tives suggest that these glucuromdes are not major 
metabohtes 

(d) Isolation of p ammophenylglucuromde The evidence 
presented on the nature of the glucuromde gum suggests that 
it contams at least two glucuromdes, viz large amounts of a 
labile, reducing glucuromde and the non reducing p ammo 
phenylglucuromde Smee the ethereal sulphate fraction 
contams o ammophenol, it is also possible that the gum may 
contam o ammophenylglucuromde Attempts wore, there 
fore, made to fractionate the gum 

At first advantage was taken of the fact that the ammo 
phenylglucuromdes have isoelectric pomts where they show 
minim um solubdity It was found that the o compound 
had a mini mum solubdity at c pH 3 0-3 5 and the p 
compound at c pH 4 0-4 5 Thus the p compound should 
crystallize best at about pH 4 0-4 S 

Anilin e urme (140 ml ) clarified with 60 ml colloidal iron 
was evaporated tn vacuo to 70 ml then buffered to pH 4 3 
and seeded with p ammophenylglucuromde No pre 
cipitate appeared after 6 days at 0° 

The basic lead acetate precipitate from anilin e urme after 
feedmg 10 g of amlme was prepared m the usual manner 
and Pb removed with H^S The filtrate (360 ml ) from the 
PbS had pH 2 3 A 50 ml portion of this filtrate was 
brought to pH 4 3 with acetate buffer, but no precipitate 
was obtamed after 2 days at 0° The rest of the filtrate 
(300 ml ) was made famtly alkalme with ammoma and then 
treated with cold saturated mercuric acetate solution 
A small pinkish precipitate separated and was filtered off 
The labile glucuromde appeared m the filtrate together mth 
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the mam bulk of the naphthoresoremol reacting matenal of 
the unne The mercuno acetate precipitate did, however, 
contam a glucuromde It was suspended m water and Hg 
removed -with HjS The filtrate from the HgS was evapor 
ated in vacuo at 40-50° to 16 ml and this was brought to 
pH 4 3 with 0 6M-Na acetate The mixture uas kept at 0° 
overmght The crystalhne precipitate (180 mg , or 0 6% of 
the dose) was filtered off, washed with water, ethanol and 
then ether It was recrystallized from hot water, from which 
it formed felted needles, m p 215-216°, not depressed bj 
authentic p ammophenylglucuromde (Wfihams, 1943) It 
showed [a]^° -83 4° (c, 4 2, m 0 6n HjSO^) (Found C, 
48 2, H, 6 6, N, 4 6 Calc for CijHicOjN H.O 0, 47 5, 
H, 5 6, N, 4 6%) In another experiment, using 12 g 
amlme, 296 mg (0 8 % of the dose) of the glucuromde m ore 
isolated 

This expenment was repeated m exactly the same 
manner, except that the glucuromde gum solution was 
saturated with SO, prior to the Hg precipitation The neld 
of p ammophenylglucuromde was not mCreased, nor was it 
mcreased by boilmg the urme with hot aJkah pnor to pre 
paration of the gum These results mdicate that p ammo 
phenylglucuromde occurs in the urme as such and is not 
derived from a labile glucuromde 

(c) Isolation of p aceiamtdophenylglucuromde The glu 
curomde fraction from the urme (350 ml ) of four rabbits 
which had collectively received 8 g of amlme was prepared 
as before The 'fraction was concentrated to 30 ml of 
syrupy hqmd to which was added, with shokmg, 200 ml of 
absolute ethanol A reduemg gum v, as precipitated which 
yielded 7 g (16% of the dose) of the crystalhne p tolmdme 
a mm nniiim glucuTonate complex (seep 247) Theethanohe 
solution after removmg the gum was now reduced tn vacuo 
to 10 ml , and agam precipitated with ethanol to remoi 0 
further traces of the labile glucuromde The concentration 
and precipitation with ethanol was repeated once more In 
this way most of the labile glucuromde was removed and 
the final ethanohe solution was concentrated at 40-50 to 
a non reduemg gum (2 g ) which contamed conjugated 
glucuromo acid, but only gave a diazo test after hvdrolysis 
by aoid The non reducing gum was now dissolved m 60 ml 
96% ethanol and the solution treated with 1 g of benzjl^ 
amme followed by 400 ml ethyl acetate After 1 hr at 0 
the crystnllme precipitate (200 mg , 0 5 % of the dose) was 
collected and recrystallized twice from ethanol and ethanol 
ethyl acetate The oiystals were identified as the benzyl 
amme salt of p aoetamidophenylgluouromde, m p and 
mixed mp 195-198°, [a]^® -59° (c, 0 7 m water) (see 
Smith So Wilhams, 1948 a) A further quantity of this salt 
was obtamed from the mother hquor, but it could not be 
satisfactorily purified 

We have attempted to assess by various means the 
amount of p acetamido and p ammo phenylglucuromdes 
in amlme urme By actual isolation we found 0 8% of the 
dose as p ammo and at least 0 5 % as p acetamido 
phenylglucuromde, and by isolation of the acetvlate 
methyl ester, 1 % of the dose These values are obvioush 
minimal A study of the ultraviolet absorption spectrum o 
the gum (seep 247) gave an estimate of 10% The difference 
between the ‘extra’ glucuromc acid content of the aci 
content of the urme and its reduemg power ton aids 
Benedict’s reagent gave a value of 16 % We can, therefore, 
conclude that about 10-16 % of the amlme fed is excreted 
as free and acetylated p ammophenylglucuromde 
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(/) The xsoialion of free D glucuronic acid from the gum 
It was mentioned in §2 that aniline nnne Jbad strong re 
ducmg properties, Benedict’s and Belding’s solution being 
very readily reduced on warming Pnrtbennore, the re- 
ducing substance was not glucose The reducing substance 
appeared m the basic lead acetate precipitate of the urme, 
and constituted the major fraction of the gluouromde gum 
prepared from this precipitate On exammation of the gum 
it was found possible to isolate, without the use of hydro 
lytic methods, considerable amounts of free glucuromo acid 
The significance of this free gluouromc acid is not yet clear 
to us 

The isolation of glucuromc acid was achieved through the 
use of p tolmdine Glucuronic acid forms m the presence of 
p tolmdme and NHi+ ions a sparingly soluble, crystaUme 
compound whose components ate two molecules of p 
toluidine, and one of ammomum glucuronate It appears to 
be a convement compound for isolating fr^ee glucuromc acid, 
but it 16 not formed from the lactone, glucurone The pre 
paration of authentic samples of this compound, and of the 
corresponding compound from n galactnronate together 
with a discussion of their nature are described ui the sue 
ceedmg paper (Smith &, WiUiams, 1949 6) 

The isolation of the compound from aniline unne was 
achieved as follows A solution of 8 g of the purified glu 
curomde gum (see § 6 (a)) dissolved in 5 ml cold water was 
mixed with a suspension of 4 g p tolmdme m 1 ml ethanol 
and 4 ml warm water The tolmdme dissolved on stimng, 
and, on coohng, the mixture crystallized After keeping at 
0 for a few hours the crystals were filtered at the pump, 
washed with a little ethanol followed by a large volume of 
ether (yield, 7 g this corresponds to 21 % of the dose of 
amhne, assummg that one molecule of auilme gives rise to 
one of glucuromo acid) The p toluidine ammonium glu 
curonate complex, recrjrstallized from hot ddute ethanol, 
formed colourless rectangular plates, m p 125-128'' 
(decomp ), [a]^“ +20°-> + 11° (constant value me 3 hr ) 
(c, 5 m 0 4 n HCl) Ultraviolet absorption spectrum m 

0, in N HCl, Ajja^ 264: , ^m*x. 400 Elementary 

analysis suggested that two hydrates of this complex 
existed (cf the hydrates of glucose tolmdide, Irvme & 
G^om, 1909) The one less frequently obtamed contamed 
0 5 ii,0 more than the other (Found (1) C, 65 5 H 7 2 
1 5H,0 requires C, 65 3, H, 7 4, fit' 
n 1 ^ X 9 25, glucuromo acid, 47 fi’ 

N,9 9,glucuromc 

acid, 46 7 /o ) The compound quickly reduced Benedict’s 
reagent on warming and gave the Tollens test for glucuromc 
acid veiy rapidly With Nessler’s luagent it gave a brown 
precipitate, a reaction not given by p tolmdme 
(g) Spectroscopic observations on the gluouromde gum The 
of glucuromc acid from the gum rmses the 
c™T ? 1 ^ glu 

ev^^io? stimulate the 

LoT glucuromc acid We thought that spectro 

us information on 

be t i ‘^jteniatives A possible glucuromde would 

pomn/i glucuromde This 

ompound u ould probably be labile and break up to phenyl 

SToroJwn r -f' ^ characteristic ultraviolet 

COO me 1 I Tal'bits, ^ phenylhydroxylanime 

(-00 mg , docs not cause the exeretmu of Leduemg uTe 


The gluouromde gum for speotroscopic oxamination was 
obtained by workmg up tbo 24 br urme of a rabbit which 
bad received 2 g amhne (see § 6 (a)) It was dissolved in 
2 61 60% aqueous ethanol and the solution oxammed mth 
a Hilger E 3 spectroscope The absorption spectra of the 
gum solution, p auunophenylglucuronido, p acctamido 
phenylglucuromde and azoxyhenzone are reproduced m 
Fig 1 



Fig 1 The ultraviolet absorption spectrum of the glu 
curomde gum from nnihno unno compared with the 

spectre of possible components , the glucuromde 

gum (after feedmg fig amhne) dissolved in 261 50% 

aqueous ethanol 236 mp , Ug sao =1 6. > 

p acetamidophenylglucuromdc m water 244 rap , 
^twa. 10,800, , p ammophenylglucuronide m 

0 1 N KOH A^ 231 mp , 7700 and A^^^ 291 rap . 

Cfflai, 1600, , sum of the absorptions of p 

acetamido and p ammophenylglucuromdes, , 

azoxybenzene m ethanol aJ*, 235 mp , 9000, 

A,^ 249 mp , 8900, A^ 324 mp , 16,200 

The gum solution showed a band at A„„ 236 mp and an 
inflexion at 286 mp There was no slgmhcant absorption at 
324 mp,, m which region azoxybeazene absorbs strongly 
It can, therefore, be concluded that the gum contains no 
azoxybenzene, and consequently thatphenylhj droxylarame 
IB unhkely to be present (cf the cases of sulphamlamide and 
4 4' diBUIphonamidoazoxybenzene studied by Wdhams 
(1946) and of 4 hydroxylammo 2 6 dimtrotoluene and 
2 2' 6 6' tetramtro-4 4' azoxytoluene m TNT metabohsra 
studied by Channon, Mills A Williams (1944)) The peak at 
236 mp may be duo to p ammo and p acetamido phenyl 
glucuromde, for if the curves for these compounds are 
Bummated, the resultant curve has the same shape as that 
of the gum This argument is only valid if irrelevant ab 
sorption at the shorter wavelengths is assumed to be 
neghgible The glucuromde gum may contam, on these 
grounds, p ammo and p acetamido phenylglucuromde in 
roughly equal amounts 


Results 

The results of the work on isolation of amhne 
metabolites are summarizeci in Table 2 


The present work shows that the metabohsm of 
aniline m the rabbit is a more complicated process 
than one would have imagmed at first siglfi and, 

Srff a metabohtes have been 

ified, what we thmk is a major metabolite has, 
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Table 2 Derivatives isolated fi om the unne of rabbits receiving aniline orally 
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Denvative 

(o) Unconjugated 
Amlin fl hydrogen oxalate 
Benzanihde 

(6) From gluouromde fraction 
p Tolnidme complex of ammomum gluouronate 

p Ammophenylglucuromde 

Benzylamme salt of p acetamidophenylglucuromdo 

p Acetamidophenyltnacetylgluouromde methyl ester 

p Ammophenol (by hydrolysis) 

(c) From ethereal sulphate by hydrolysis 
p Ammophenol 
0 Ammophenol dibenzoate 
4 Ammoresorcmol (detected) 

so far, eluded our efforts to isolate and identify it 
In what follows we shall attempt to assess, m 
various ways, the amounts of each metabohte 
excreted 

The isolation experiments account for nearly 
40 % of the aniline fed (see Table 2) This figure is 
made up as- follows free and acetylated p-ammo- 
phenylglucuromde, 6 % (based on the isolation of 
p -ammophenol from the gluouromde gum), free 
aniline, up to 9% (see § 3 (6)), p-ammophenyl- 
sulphurio acid, 3 1%, o-ammophenylsulphuric 
acid, 0 7 % (from hydrolysis of the ethereal sulphate 
fraction, see §§ 4 {a) and (6)) Ass umin g that each 
molecule of glucuromc acid isolated eis the p- 
tolmdme complex is derived from a labile glucuro- 
mde generated from one molecule of anihne, then 
21 % of the amlme fed is excreted as a labde 
gluouromde (§ 6 (/)) 

The excreted free diazotizable a mm o groups 
correspond to 40 % of the anihne fed (Table 1) The 
compounds which could contribute to this figure are 
free anihne (6 6%, see § 3 (6)), p ammophenyl- 
glucuromde (6-8 %, § 6 (d) and {g)) emd p ammo- 
phenylsulphuric acid (c 28 %) o Ammophenyl- 
sulphuric acid probably does not contribute because 
Burkhardt & Wood (1929) have shown that when 
diazotized it loses its sulphate group yielding o- 
ammophenol 

If it IS assumed that one molecule of anihne gives 
rise to one of glucuromde, then 70 % of the amme is 
excreted as conjugated glucuromc acids (Table 1) 
The isolation experiments mdicate that anihne 
urme may contam three glucuromdes, 1 e p ammo 
and p acetamido-phenylglucuromdes and a ‘labile 
glucuromde ’ The amount of the first two was 
assessed at 10-16% and, therefore, about 66-60% 
of the tamhne fed may be excreted as the labile 
glucuromde We can do httle more than speculate 
at present on the nature of the labile glucuromde 


Yield as 

M p [a]^, % of dose 

168° — 6-9 

160° — 3-9 

126-128° -f21° 21 

' (m 0 4n HCl) 

216-216° -83 4° 0 8 

(m 0 Bn HjSO^) 

196-108° -69° 0 6 

(m water) 

206° and 100° -22 4° 

(m chloroform) 1 

182-184° — 6 

183° — 3 

176-170° — 0 3 


Aniline urme is reducmg and free glucuromc acid 
m large amounts can be isolated from it as the 
p tolmdme-ammomum glucuronate complex Now 
this free glucuromc acid could oqcut m the urme as 
such or be produced by the breakdown of a labile 
glucuromde The excretion of free glucuromc acid 
as such, appears to us, at the moment, to be unlikely 
though not impossible The existence of a labile 
glucuromde, however, is feasible on the following 
grounds Less than 60 % of the amlme fed can be 
accounted for as diazotizable oompoimds, the rest 
may be changed m the body to a non-diazotizable 
form which is the aglycone of a labile glucuromde 
A dihydrohydroxyamlme glucuromde (I) could 
account for some of the facts Such a structure as 
(I) contains an ahphatic ammo group, a new asym 
metric carbon atom — ^which could account for the 
low optical rotation of the urme — and an aldehyde 
a mm onia group — ^which would make it labile and 
release a mm onia and glucuromc acid to form the 
p tolmdme ammomum gluouronate complex When 
this complex is formed from the acidic glucuromde 
gum no external ammoma is necessary, yet when it 
IS formed from pure glucuromc acid ammoma must 
be added Structure (I) is that of a hexa 1 4 diene 



and therefore should show httle or no hght absorp 
tion It will be recalled that ultraviolet absorption 
spectrum of the glucuromde gum appears to be that 
of glucuromdes of p acetamido andp ardmo-phenol 
only 

We have also proved that amhne is shghtly 
acetylated in vivo by the isolation of p acetamido 
phenylglucuromde, but no acetambde was detected 
It is possible that here aniline is first oxidized to 
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p atniaophenol which iB then acetylated and 0-con 
jugated, there may be no direct acetylation of 

aniline „ , _ 

It 18 clear that the metabolism of anihne is very 

complex On available evidence we suggest the 

following tentative scheme ' 


SUMMABY 

1 The metaboho fate of amlme m the rabbit has 
been studied 

2 About 28 % of the dose is excreted as the 
ethereal sulphates of o- and p ammophenol and 


NH, 



Three ammophenols were found m the urme The 
(juahtative experiments on the ethereal sulphate 
fraction suggest that p ammophenol preponderates 
o-Ammophenol and 4 ammoresorcmol were found 
only m the ethereal sulphate fraction The only 
phenol isolated from the glucuromde fraction was 
p-ammophenol, but we caamot ehimnate the pos- 
sibrhty that the o compound is also present m this 
fraction, for Hanson et al (1944) have shown that 
o-ammophenylglucuromde is very resistsmt to acid 
hydrolysis We feel, however, that the o glucuromde 
IS not present m appreciable amounts because 
although it IS more easy to isolate from urme 
(Williams, 1943) than its p-isomer, we isolated only 
the latter from the glucuromde gum 

The detection of 4 ammoresorcmol shows that the 
o- and p-ammophenols derived from amlme under- 
go further oxidation to a trisubstituted benzene 
Porteous & Wilhams (1949) have already shown that 
benzene gives rise to a trisubstituted compound, 
lij'droxyqumol, m the rabbit 

We suggested m an earher paper (Srmth & 
Wilhams, 1948o) that biological oxidation of an 
aromatic rmg takes place at those carbon atoms 
which possess a oertam minimum of electromc 
activation On this basis anihne should be oxidized 
in vita m the o and p-positions and tins is m 
agreement with our findmgs (of acetaruhde. Smith 
& Wilhams, 1948 a) 


4-aminoresorcmol The o- and p ammophenols were 
isolated 

3 About 70 % of the amlme fed is excreted as glu- 
curomdes, two of which were isolated and identified 
as p-aoetamido- and p-ammo-phenylglncuromde 
These two account for 10-16 % of the amlme fed 

4 It IS suggested that the mam metabohte of am- 
lme 18 a labile glucuromde This substance accounts 
for more than 50 % of the amlme fed and may be a 
reduced amlme derivative It also accounts for the 
reducmg properties of amlme urme 

6 The labile glucuromde readily breaks up to 
give free glucuromc acid, which has been isolated 
as a ciystallme p-tolmdme armnomum glucuronate 
complex 

6 No evidence was found to support the mew 
that amlme is converted to phenylbydroxylamme 
^n vtvo 

7 Amlme gives rise to excretion of small amounts 
of W-acetyl derivatives Whether or not anihne is 
directly acetylated has not been proved 

8 Amhne is oxidized m the o- and p- 
positions and the significance of tins finding is 
discussed 

9 The metabohtes of amlme m the rabbit me 
not the same as those of acetamhde The significance 
of this is discussed 

The expenses of this work were in part defrayed by a 
grant from the Medical Research Coimoil 
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Studies in Detoxication 

24 THE hlETABOLISM OF p PHENETIDINE {p ETHOXYANILINE) IVITH 
SOME OBSERVATIONS ON THE ANISIDINES (IMETHOXYANILINES) 

By J N SMITH aitd R T VHLLIAMS 
Department of Biochemistry, University of Liverpool 

{Received 21 July 1948) 


Tills study of the fate of alkoxj^atuhnes m the 
rabbit was pursued because we wanted to know the 
eflfect of alkoxyl groups on the biological acetjd 
ation of the ammo group m compounds of the type 
R C5H4NH2 The study became of fuidsher mterest 
when it was found that administration of p -phene - 
tidme and the o , m andp amsidmes resulted m the 
excretion of reducmg urmes as m the case of amlme 
(Smith & Wilhams, 19496) 

Little previous work has been done on p phene 
tidme, Edlefeon (1900) showed that, m man, it 
gave rise to conjugated p ammophenol and Elson, 
Goulden & W^arren (1946) suggested that it behaved 
similarly m the rat 

EXPERIMENTAL 

Methods The quantitative estimations of the excretion of 
gluouromo acid, ethereal sulphate, and diazotizable ammo 
groups m the urme of rabbits receiving p phenetidine 
hydrochloride oraUy are quoted m the precedmg paper 
(Smith A Wilhams, 1949 6) 

Phenetidme was fed as the hydrochloride, m p 234° 

The isolation of phenetidine metabolites 

(1) The nature of phenetidine urine 

After feedmg phenetidme m doses of 0 2-0 6 g /kg , 
rabbits excreted a brown urme (pH c 8) similar m appear 
ance to a nilin e urme It reduced Benedict’s reagent and 
gave a very rapid naphthoresorcmol reaction It gave a 
permanganate colour ivith FeClj and a positive diazo re 
action 

The urine was opticall\ active The urme from two 
rabbits, each of which had recened 2 g of phenetidme 


hydrochlonde, was estimated to contam 4 7 g of extra 
gluouromo aoid A 10 ml portion of this urme was clarified 
inth dialyzed iron and made up to 20 ml In a 2 dm tube 
aj) was -0 42°, whilst normal rabbit urme treated m the 
same way has no detectable rotation If the glnouronide in 
the urme were that of either p ammophenol or p acct 
anudophenol, the expected would be c - 1 3° Thus it 
follows that the glucuromdes from phenetidme cannot be 
entirely p ammophenol derivatives 

(2) Isolation of unchanged phenetidine 

The filtrate from the preparation of the basic lead acetate 
fraction of phenetidme urme (see p 261) ivas made alkaline 
ivith KOH, filtered and contmuously extracted with ether 
for 4 hr The bases m the ether were extracted with 
2 n HCl This solution was made alkahne and extracted m 
a funnel with ether This ethereal solution was dried over 
NaOH for 24 hr , filtered, and saturated -with dry HCl gas 
The crystallme precipitate of phenetidme hydrochlonde 
(m p and mixed m p 234°) was filtered off The yields of 
unchanged phenetidme m these experiments were 1 6 % of 
the dose at a level of 0 6 g /kg and 2 and 6 % at 0 8 g /kg 

(3) The ethereal sulphate fi action 

(a) Isolation, of 2 hydroxyA-elhoxyaniline {hydroxyphcnc 
ttdme) The 24 hr urme (1260 ruL) after feedmg IS g 
phenetidme hydrochlonde was concentrated at 40° »« vacuo 
to 260 ml , acidified with dilute HCl, saturated with 
(NHjljSO^ and extracted with 2 x 260 ml acetone The 
acetone extract was made alkahne with sohd KoCOj, con 
oentrated xn lacuo to 100 ml , treated mth 1 1 dry acetone, 
filtered and concentrated to 60 ml The concentrate was 
now extracted five times ivith an equal volume of ether to 
remove free phenetidme (recovered as the hj droohlonde, 
mp 230°) (Found C. 66 1, H, 6 9, N, 7 6 Calc for 
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CgHiiON HCl C, 65 3, H, 7 0, N, 8 0% ) Furtlier con 
oentration of the extracted solution caused the separation 
of urea and some morgamc material which were removed by 
shakmg with 95% ethanol and filtering The filtrate, now 
containmg largely ethereal sulphates vath some glucuromde, 
was treated with 300 ml absolute ethanol which threw out 
the glucuromde as a non reducmg flocculent precipitate 
(600 mg ) which we were unable to identify The ethanohc 
solution was now reduced tn vacuo to a syrup (30 ml ), 
which at this stage gave negative tests for glucuromc acid, 
but positive ethereal sulphate and diazo tests However, we 
were unable to isolate the sulphate or a derivative in 
orystaUme form Therefore 10 mb of the syrup were dned m 
vacuo, and the residue boded for 6 nun with 6 ml cone 
HCl and 20 ml of 6% aqueous BaCL After ooohng, the 
BaSO^ was filtered off and the filtrate treated with a httle 
NajS.Oj which removed some of the dark brown coloor 
Then it was made alkahne with KjCOg, stirred with 6 ml 
acetie anhydride for IQ mm , and extracted with 20 ml 
chloroform The extract was dried over CaClj and allowed 
to evaporate at room temperature A sticky moss of 
crystals separated which became readdy filterable on 
addition of ether Recrystalhzation from benzene gaie 
rectangular plates (170 mg , 2 6 % of the dose) of 2 aoetoxy 
4 ethoxyaoetandide, m p and mixed m p 127-129“ 
(Found OCjHt,19 8 Calc for CijHuOjN OC2H5,19 0%) 
(6) Synthcava of 2 acetoxy-4:~ethoxyacetantlide 2 Hydroxy 
4 ethoxyamhne hydrochlondej prepared according to 
Hennch & Bu-kner (1913), yielded with aqueous NojCOj 
and acetic anhydride 2 aceioxy-4r-ethoxyaceiantUde, m p 
127-129“ after recrystalhzation from benzene 
k. more oonvement method of synthesis starts from 4 
mtroBoresoromol 1 ethyl ether, which was prepared accord 
mg to the method of Hennch & Rhodius (1902) for the 
methyl ether 4 Nitrosoresoromol 1 ethyl ether (0 6 g ) was 
reduced with 2 g of Sn m 5 ml cone HCL The reduction 
mixture was evaporated on the water bath to remove excess 
HCl, neutralized with NaHCOj and extracted with ether 
to remove 2 hydroxy 4 ethoxyamhne The extract was 
treated with an excess (10 ml ) of acetic anhydnde and 
evaporated in vacuo to a small volume The residue was 
mixed with an excess of NojCOs solution, and the whole 
shaken untd the od, which had separated, crystallized The 
2 aceloxy-A ethoxyaedanthde (0 27 g ) was dned and re 
or3^stallized from benzene It formed rectangular plates, 
m p 127-129“ (Found C, 60 6, H, 6 05, N, 6 1, OCjHj, 
10 4 C^HnO^N requires C, 60 7, H, 6 4, N, 5 9, OC^Hc, 
19 0%) 

(4) The glucui omde fraction 

(a) Deleciioii of a glucuro7nde of aminophenol The basic 
load acetate precipitate of a 24 hr urme (340 ml ) from two 
rabbits, each of which had received 2 g of p phenetidme 
hydrochlonde, was prepared m the usual maimer It was 
suspended m water and Pb removed with H^S The lead 
free filtrate uas concentrated in vacuo to a browmsh gum 
(5 g ) which had properties simdar to that obtamed from 
amlmo unne Part of this gum (4 6 g ) was treated with 
160 ml of ethereal diazomethane (from 5 g mtroso 
ineth^lurea) The ether was removed and the neutral tarry 
residue dissoh cd m a mixture of 20 ml •pyndme and 20 ml 
acetic anhydnde After IS hr at room temperature the 
mixture was diluted inth 100 ml water and extracted with 
3 X 20 ml chloroform After washing with dilute acid and 
alkali and drymg over CaCl^, the chloroform extract was 
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evaporated, leaving a partially crystaUine gum (0 94 g ) 
This product was dissolved in hot ethanol and on cooling to 
0“, 160 mg (1 6% of the dose) of p acetamidophenyltri 
acetylgluoWmide methyl ester (m p and mixed m p 205- 
207“), [a]^ -23 6“ (c, 6 1 m chloroform) separated (Smith 
& Wdhams, 1948, 1949 b) 

Isolation of this compound shou ed tliat the glucuromde 
fraction contamed either p aminophenylglucuromdo or its 
N acetyl denvative or both 

(6) Isolation of p acelamidophenylglucuromde The glu 
curomde fraction was prepared by lend acetate treatment 
from the 24 hr unne of 6 rabbits which had collectively 
received 12 g phenetidme hydrochlonde This fraction was 
concentrated so that 60 ml of an aqueous syrup was ob 
tamed This was non diluted with 400 ml absolute ethanol 
which was added ivith shakmg A gum was thrown out and 
the ethanol (A) removed by decantmg The gum was ^is 
solved m 10 ml water and on treating this with 5 g p- 
tolmdine in 6 ml ethanol and coolmg to 0° overnight, 8 g 
of the p tolmdme ammomum glucuronate complex (m p 
125“) crystallized and was filtered off 
The ethanohc solution A was now evaporated to 20 ml 
and agam diluted to 250 ml with ethanol to throw out a 
further portion of msoluble gum Agam the ethanol was 
decanted and the process repeated The msoluble gum 
obtamed yielded a further 1 g ol p toluidme ammomum 
glucuronate complex The mother hquor, after removal of 
the msoluble gum, was now taken to dryness tn vacuo The 
residual gum (6 g ) gave no diazo reaction until hydrolyzed 
4 7 g of jt were dissolved m 60 ml 96 % ethanol, and 3 ml 
benzylamme were added The mixture was diluted to 
600 ml with ethyl acetate From this solution there was 
obtamed 2 g (6 4% of the dose) of the benzylamme salt of 
p acetamidophenylglucuromde, m p and mixed m p 196- 
198“ (after recrystalhzation from 96% ethanol), [a]^ -69“ 
(c, 7 8m water) (Found N, 6 6 Calc for CjiH.jOjNj HjO 
N,6 2%) 

(c) Attempted isolation of p aminophenylglucurontde p- 
Ammophenylgluouromde was isolated from anihne urme 
from the mercuric acetate fraction (see Smith & WiUiams, 
1949 6, precedmg paper) An attempt was made to isolate it 
frnm phenetidme urme by a s imil ar procedure We thought 
that it might occur m phenetidme urme m small amounts, 
but its isolation as such or as a benzylamme salt was not 
achieved 

(d) Spectroscopic observations on the glucuromde fraction 

As m the case of aruhne, the absorption spectrum of the 
glucuromde fraction ofp phenetidme urme can be accounted 
for by the presence of relatively small amounts of ammo 
phenylgluouromdes An aqueous solution (400 ml ) of the 
glucuromde fraction, prepared, after feedmg 8 75 g phene 
tidme, as m section 4 (a) above, was estimated (naphtho 
resorcmol method) to contam 7 1 g of glucuromc acid It 
was made famtly alkalme with ammoma, diluted 100 times 
with water and its ultraviolet absorption measured m a 
Hilger E3 spectroscope It had a maximum extmction 
(•®o 3 cm.) at 240 my of 1 2 The form of the absorption curve 
closely resembled that of p acetamidophenylglucuromde 
(Smith & Williams, 1948) and the presence of p ammo 
phenylglucuromde was not mdicated If it be accepted that 
the absorption was due to p acetamidophenylglucuromde, 
^en It ^ be calculated from the value of 3 ^ that 
49 g of It IS present, le 2 9g or 41% of the total 
glucuromc acid d 



262 


J N SMITH AND R T WILLIAMS 


(6) The isolation of free glucuronic acid from the 

unne of rabbits receiving alLoxyan'dines orally 

(а) p Phenetidine The gluouromde gum from the urme of 
twelve rabbits which had ooUeotively received 24 g of p 
phenetidme hydrochloride was prepared (see section 4 (a)) 
From this the p tolmdme a mm onium glucuronate complex 
was prepared as described m the preoedmg paper on aruhne 
(Smith & Williams, 19496) The yield was 34 g or 68% of 
the dose assummg that one molecule causes the excretion of 
one of glucuromo acid It was recrystaUized (plates) from 
hot aqueous ethanol (Found C, 66 66, H, 7 4, N, 10 7, 
OCjHj, 0, glucuromo acid, 47 6, p tolmdme, 48, H^O, 4 6 
C'2 oHj«0«N3 HjO requires C, 60 46, H, 7 3, N, 9 9, OC^Hb, 
0, glucuromo acid, 46 6, p tolmdme, 60 4, HjO, 4 2%) It 

decomposed at 126-128° and showed [a] ^ - 60° >- + 2 6° 

(constant value) (c, 0 6 m 1 3 ethanol water), [a]*® + 
18^ + 11° (constant) (c, 6 2 m 0 4 n HCl) 

The complex was analyzed for p tolmdme by heatmg on 
the water bath for Q 6 hr with 0 6 N HCl, coohng, then 
diazotizmg and couphng with naphthylethylenediamme 
The diazo colour was measured m a Spekker absorptiometer 
and compared with a standard calibration curve constructed 
with pure p tolmdme hydroohlonde 

The water content of the complex could not be deter 
mmed directly by drymg to constant weight because it de 
composed with loss of tolmdme An approximate estimate 
of the water content of the sample analyzed above was 
obtamed uamg Fischer’s reagent (pyndme, Ij and SO,, see 
Fischer, 1936) As mentioned m the precedmg paper, we 
had reason to beheve that this compound formed tuo 
hydrates similar to the glucose p tolmdides of Irvme &/ 
Gihnour (1909) Our experiments suggested that the 
hydrate conta inin g 1 eHjO was formed when crystalliza- 
tion was earned out at 0° (see section 6 (6)) and the one 
conta inin g IHjO was formed at room temperature or 
higher When the sample above was recrystaUized at 0° it 
gave C, 66 9, H, 7 06, N, 9 6 CjoHjjO, 1 6ILO requires 
C, 66 3, H, 7 4, N, 9 7% 

When the compound was dissolved m cold 20 % NaOH it 
gave off ammonia (proved by aeration mto picno acid 
solution, to give ammomum picrate, m p and mixed m p 
270° (decomp )) In the Van Slyke apparatus the com 
pound released Na m 0 6 hr eqmvalent to 3 2 % N, the first 
formula quoted above requires 3 3 % N as 

(б) o Amsidvne o Anisidme (3 6 g , bp 218-220°) was 

dissolved m the minimum of dilute HCl and the solution 
diluted to 40 mb Two rabbits each received 20 ml of this 
solution It had a slight narcotic effect but the animals were 
easily roused by han dling One rabbit died 6 days later 
A reduemg urme was excreted even durmg the first 2 hr 
after feedmg The 24 hr urme (380 ml ) was brown and 
darkened further on standing The colour was discharged by 
Na^SjOi The urme reduced Fehling’s solution, gave a 
strong red diazo reaction and an mtense ToUens test The 
gluouromde gum (3 g ) was prepared as for phenetjfime 
urme and, on treatment with p tolmdme as before, 1 3 g 
(eqmvalent to 14% of the anisidme fed) of the p tolmdme 
ammomum glucuronate complex (m p 126—128° decomp ) 
was obtamed, [a]^® -1-18° (mitial value) (c, 3 9 m 0 4 n HCl) 
Absorption spectrum 234 m/i , 16,800 m water 

(Found C, 60 0, H, 7 3, N, 9 6% ) 

(c) p Anisidme Two rabbits were each fed with 2 g of 
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p amsidme (m p 67°) m 20 ml of water contammg the 
mimmum amount of ddute HCl The urme was reducing, 
and the gluouromde gum (3 g ), prepared as before, yielded 
1 g (eqmvalent to 9 6% of the dose) of the p tolmdme 
ammomum glucuronate complex (m p 126-128° decomp ), 
[a]“ -(-20° mitial (c, 6 4 m 0 4 n HCl) (Found C, 66 26, 
H, 7 1, N, 8 8% ) 

(d) m Antstdtne In a s imil ar fashion the tolmdme 
complex was obtamed after feedmg m amsidme (b p 
246-247°/720 mm ) It had m p 126-128° decomp , 
[a]=® +19^.pl6°(c, 6 m 0 4 k HCl) and spectral absorption 
234 m/ 1 , 16,600 and 285 my., 2600 

m water 

(6) Synthesis of p toluidine ammonium uronate 
complexes 

(а) D glucurone When p tolmdme m ethanol is added to 
an aqueous solution of gluourone oontaimng a httle 
ammoma, no p tolmdme complex separates 

(б) D glucuronic acid n Gluourone (0 6 g ) was converted 
mto barium glucuronate by treatment ivith 1 eqmv of 
0 3 n Ba(OH)j at room temperature for 3hr , OSml of 
saturated (NHi)j.SO^ solution was added and the mixture 
filtered from BaSOj To the filtrate was added 0 6 g p 
tolmdme m 6 ml ethanol and then the mixture was diluted 
to 60 ml with ethanol After 24 hr the crystals (0 64 g , 
46 % of theory) of the p toluidine ammonium glucuronate, 
complex were filtered off and washed with water and 
ethanol It was recrystaUized from ethanol water and 
cooled to 0° Rectangular plates were obtamed, m p 126- 

24 lir 

130°(deoomp ),[a]^® -69° >--(-2° (constant value) (c, 0 3 

m 1 3 ethanol water) (Found C, 66 3, H, 7 4, N, 9 7 
CjoH.^NjO, 16H30 requires 66 3, H, 7 4, N, 9 7%) 
Ultraviolet absorption m water 234 m/i , Cmu 

16,800 and 286 m/x , 2600 It was insoluble m 

ethanol and orgamc solvents and sparmgly soluble m water 
It reduced Benedict’s reagent readily and gave a rapid 
ToUens test for glucuromo aoid It was identical m all 
respects with the compound obtamed from the alkoxy 
a nilin e urmes 

The same complex was obtamed from crude banum 
glucuronate prepared by acid hydrolysis of Turkey gum 

(c) From ( — ) Menthyl-T> glucuronide The complex (m p 
123° deoomp ) was obtamed m poor yield (7 %) from an 
acid hydrolyzed solution of menthylglucmomde (Found 
C, 66 3, H, 7 2, N, 9 4% ([a% -f- 27 -1- 16°) (c, 2 7 m 
0 4 n HCl) ) 

(d) The complex from d galacturonic acid When an 

aqueous solution of n galacturomo acid is mixed with an 
equal volume of an ethanoho solution of p tolmdme, no 
apparent change takes place But as soon as the mixture is 
treated with a few drops of ammoma solution (sp gr 0 8S) 
it orystaUizes completely The p toluidine ammonium n 
galacturonate complex, obtamed m exceUent yield, forms 
platqs, mp 136-139° (decomp) and {off -31->+6 
(constant value after 24 hr ) (c, 1 2 m 50 % aqueous ethanol) 
Its absorption spectrum is s imil ar to that of the glucuromo 
acid analogue, m water it shows A p,.^ 232 my., fnux- 
16,600, A„„^ 285 my , 2850 (Found C, 66 6, H, 7 3, 

N, 9 5 OjoHj.O.Ns HjO requires C, 66 46, H, 7 3, N, 

9 9%) This was shghtly more soluble than the glucuromo 
acid complex. 
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METABOLISM OE PHENETLDINE 


DISCUSSION 


It IS clear that the metabolism of p-phenetidme is 
a complex problem which requires further mvesti- 
gation So far we have proved that it undergoes 
(a) de-ethylation, (b) acetylation, and (c) oxidation 
without de ethylation 

The occurrence of de-ethylation and deacetylation 
was proved hy the isolation of p-acetaimdophenyl- 
glucuromde, which could he formed m two ways as 
follows 


16 clear from tins work that it presents, os m the 
case of amhne, a new aspect of the metabohsm of 
aromatic ammes On measurmg the ‘extra’ glucu- 
romc acid excretion it was found that more than 
one molecule of glucuromc acid was excreted/mole- 
cule of phenetidme fed The average gluouronide 
output was 120 % of the dose This lugh figure 
could mean that a metabohte carrymg two glucu- 
romc acidmolecules IS excreted Alternatively, it may 
mean that phenetidme stimulates the ^excretion 
of free glucuromc acid The p-toluidme complex 


(i) phenetidme —>■ phenacetm^ 

acetamidophenol — ► glucuronide 

or (u) phenetidme p ammophenol/ 


The first of these mechanisms appears to be the most 
likely, for if p-ammophenol were formed we would 
have expected to isolate its gluouromde, but we did 
not For phenetidme the difference between the 
firee end total diazotizable ammo groups amounted 
to 22 % (see Table 1 of the precedmg paper. Smith 
& Wilhams, 1949 b) This figure, together with a 
consideration of the spectrum of the glucuromde 
gum, suggests that about one quarter of the phene- 
tidme fed IS excreted as compounds contammg the 
acetamido group 

It was shown (Smith & Wdhams, 1949 a) that the 
de ethylation of phenacetm tn mvo was virtually 
complete, the mam excretion products bemg 0 con 
jugates of p -acetamidophenol With phenetidme, 
however, there is only a partial de ethylation, for we 
isolated from the urme 2-hydroxy-4 ethoxyanihne 
m which the origmal ethoxyl group of phenetidme 
IS mtact It appears, therefore, that breakmg of the 
ether Imkage in mvo takes place more readily if 
the p ammo group is acetylated The isolation of 
2-hydroxy 4-ethoxyanrlme is also of mterest m 
relation to the orientation of the hydroxyl group 
entermg the phenetidme molecule Both the NHa 
andOCEHs groups areo p-directmg(nngactivatmg), 
but the oxidation takes place o- to the ammo group 
The ammo group is known to be chemically more 
strongly drrectmg than the alkoxyl group (Fieser & 
Fieser, 1944) and the isolation of 2-hydroxy-4- 
ethoxj^amlme fits m with this new 

Rabbits receinng phenetidme excrete ethereal 
sulphates correspondmg to 30% of the dose 
Hydrolj'sis of the sulphate fraction yielded a reddish 
tar consistmg largely of phenohc substances, from 
which 2-hydroxy-4 ethoxyamlme was isolated m 
nelds of 8—9 % of the ethereal sulphate fraction 
(i e 2 6 % of the dose) We failed to detect p-ammo- 
phoiiol m this fraction, but there were suggestions 
that 4 ammoresorcmol was present It appears, 
therefore, that the mam phenol m the sulphate 
fraction is 2 hydroxj^-4 ethoxyamlme 
The exact nature of the glucuromde fraction of 
phenetidme urme has not been solved, although it 


of glucuromc acid was isolated m large amounts, 
equivalent to 68 % of the phenetidme fed, and we 
beheve that a considerable proportion of phene- 
tidme 18 excreted as a labile glucuromde A minor 
component of the glucuromde fraction isp-acetami- 
dophenylglucuromde, which was isolated Although 



Fig 1 Ultraviolet absorption spectra of p tolmdine 

ammoniuin uronate complexes A, p Tolmdine- 

ammomum d gluouronate complex from amhne imne in 
water 234 mp. , 16,000 and 285 mg , 

Emai 2700, B, same as A but m x HCl 261, 

400, - syntbetio p tolmdme ammonium n glucu- 

ronate complex (prepared from n glucuromc acid) m 
water 234 m^ , 16,800 and 286 mg , 

fm.T 2600, p tolmdme ammomum n galact 

uronate complex (prepared from d galacturomo acid) m 
'n'ater 232 mp , 16,600 and 285 mu , 

2860 

we isolated p anunophenylglucuromde from amhne 
urme, it was not found m phenetidme urme, a fact 
which 18 supported by the very low amount (3 % of 
the dose) of free diazotizable ammo groups found m 
phenetidme urme 
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30 % as ethereal snlphates 


The evidence presented here on the fate of 
phenetidme m the rabbit does not allow us to 
make very definite conclusions and we suggest the 
above scheme very tentative^ 

Tlie p toluidine glucuronate complex and the labile 
glucuronides derived from aromatic amines The p- 
tolmdme ammomum glucuronate complex has 
been isolated from p -phenetidme (68 % of the dose), 
anilme(21 %),o arusidme (14 %), w anisidme (12 %) 
and p anisidme (9 5%) urmes Only traces of this 
complex were obtamed from acetamhde and phen 
acetm urmes (Smith & WiUiams, 1949 o), these 
traces probably bemg formed as a result of the 
production of very small amounts of a nilin e and 
phenetidme by deacetylation It is clear, therefore, 
that the hjipothetical labile gluouromdes are only 
produced from the free aromatic aipmes and not 
from the iV^-acetylated a min es Further mvestiga 
tions are m progress on the fate of other types of 


acid IS derived from labile glucuromdes and that 
the one from m anisidme has some stabfiity 
The structure of the crystallme p-tolmdine 
ammomum glucuronate complex also requires dis 
cussion From its absorption spectrum (see Fig 1) 
it IS clear that the only absorbmg component is 
p-tolmdme (according to Dede & Rosenberg (1934) 
p tolmdme shows two absorption bands m water, 
at 234 mg , log e 3 91 and 288 mg , log e 3 16) Its 
rismg mutarotation m ethanol water ([a]i) — 60-> 
-1-2°) suggests that it is a p-tolmdide (1 e a 
glucuromde) of p configuration On keepmg a few 
weeks the compound turns a hght brown It has 
no true meltmg pomt but decomposes fairly con 
sistently at 126-128° Tlie analytical data on the 
compound suggest that it contains 1 molecule of 
p tolmdme, 1 of the p tolmdide of ammonium 
glucuronate and 1 or 1 6 molecules of crj'Stol water 
It may be tentatively formulated as 


CHjO.HiNH,, CHjC.H.NH— CH— (CHOH),— CHCOONH4, HjO 

I 0 1 


substituted amlmes, and so far we have found that 
p-bromoanilme does not give rise m the rabbit to 
reduemg urmes In the case of the naphthylarmnes, 
we have found that the 1 derivative gives nse to a 
urme which reduces Fehhng’s but not Benedict’s 
reagent, whereas with the 2-derivative the urme 
only slightly reduced Fehlmg’s solution 

The p -tolmdme complex cannot be prepared 
directly from the ‘arylanune urme ’, but is obtamed 
readily from the glucuromde gums prepared at 
ordmary temperatures by systematic lead acetate 
precipitations In the case of m anisidme the 
complex IS only obtamed with difiSoulty from the 
glucuromde gu m and often only after the addition 
of a httle ammoma The addition of ammoma is un- 
necessary m the other cases, e g anilme and phene- 
tidme This strongly suggests that the glucuromo 


D Galacturomc acid gives the same type of complex 
whose properties and spectrum (see Fig 1) 
similar to those of the glucuromo acid complex 

SUMMARY 

1 The fate of p -phenetidme m the rabbit has 
been studied, and some observations have been 
made on the 0 -, m- and p-anisidmei 

2 About 30 % of the phenetidme fed is excreted 
as ethereal sulphates The mam phenol m the sul 
phate fraction is 2-hydroxy-4 ethoxyanilme wluch 
was characterized as 2-acetoxy-4 ethoxyacetamhde, 
the synthesis of which is described for the first tune 
It is suggestedthat 4 ammoresoremol ts also present 

3 A considerable amount of glucuromde is 
excreted which appears to be largely a labile glucu 
romde, the nature of which has not been elucidate 
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4 p-Acetaimdophenylgluciiromde has also been 
isolated from the urme Tins substance was ob- 
tamed m 6 % yields, but may occur m the urme to 

the extent of 20 % or more 

6 A p-tolmdme-ammomum gluouronate com- 
plex has been isolated from p-phenetidme, o , m- 
and p amsidme urmes The yield from pbenetidme 
urme was lugb ' 


6 The p tolmdme complexes of ammonium 
glucuronate and galacturonate have been synthe- 
sized and studied, and suggestions have been made 
regardmg their nature 

We are grateful to Prof M Stacey for the sample of n- 
galacturomc acid The expenses of this work were partly 
defrayed by a grant from the Medical Research (Jouncil 
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A Method for Continuous Graphic Recording of Radioactive Tracer 
Concentrations from Various Body Regions Simultaneously 

By M REISS, F E BADRICK, JEAN M HALKERSTON and J H WHITE 
The Biochemical and Endocrinological Research DepaHmerU, Bristol Mental Hospitals, Fishponds, Bristol 

{Received 19 July 1948) 


In measurmg the changmg content of radioactive 
tracer m different organs of man and animal, it is 
of great mterest to mvestigate the fate of the tracer 
at very short time mtervals after administration, 
and also to measure its accumulation simultaneously 
in several parts of the body Smee information of 
tins kmd may not easdy be obtamed by use of the 
usual dynatron scalers, certam modifications were 
necessary to allow contmuous recordmg from 
different scalers simultaneously 

EXPERIMENTAL 

Apparatus 

The internal winng of the dynatron scaler was shghtly 
modified The connexions to the mtemal Post Office meter 
wore diverted to a double pole, double throw, changeover 
8intch(Cfl,Pig 2), thus enabhng the operator to switch over 
to an external 2 pin socket {S) Socket and changeover 
switch were both mounted on the front panel of the scaler 
The 2 pm socket facihtated the connexion with an external 
Post Office meter (If), which had the same resistance 
(23000) as the meter mounted inside the scaler It was 
possible, by these means, to record every tenth or hundredth 
impulse on either the mtemal or external Post Office meter 
The latter (Fig 1, and M, Fig 2) was fitted with a smaU 
clamping block {CB, Fig 1) on the movmg armature, and m 
this the stem of the wntmg pomt (IFP) was clamped 
A brass rod (R) was screwed mto the back of the meter, 
permitting the meter to be mounted on a kymograph] 
vhoro the impulses were contmuously recorded 


The Geiger Muller counters consisted of tungsten helix 
y tubes, made by 20th Century Eleotromes Co Ltd They 
were shielded wnth lead tubes m which a J m wnde long! 
tudmal slot had been made and the tubes clamped m such a 
way that the slot was placed just over the organ under m 
vestigation The counters were further shielded with black 
paper, which nullified the photosensitivity of the tubes An 
example of the arrangement of the counters, as used m 
obnical mvestigations is illustrated m Fig 3 
For recordmg the impulses coming from different 
Geiger Miiller tubes located on vanous parts of the body, 
different sealers were employed, each connected with its 
external counter writer, thus permittmg simultaneous re 
cordmg of fluctuations of tracer concentrations 

Clinical investigations 

The assembly desonhed above has been so far used 
clmically for recordmg changes m concentration only 
Prior to the mjection of the kymograph was started and 
the background counts recorded Then, without stoppmg 
the recordmg mechanism, a dose of was given 

Animal experiments 

The method has proved particularly valuable m recordmg 
changes of blood concentrations 
A length of antioxidant-free ‘Telcothene’ tubmg (ob 
tamed from Telegraph Construction and Mamtenance Co 
Ltd.) of 1 5 mm bore was wound round a y counter tube m 
the form of a spnal, which was secured by stickmg over with 
transparent adhesive tape The total volume of this spiral 
was approximately 4 ml (see Fig 4) 

In anaesthetized and hepanmzed rabbits the carotid was 
exposed, the blood flow mterrupted, and cannulae (G 1 and 
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C2) were inflerted in the proximal {CPR) and distal {CD) 
parts, as shown in Shg 4 The proximal cannula was first 
connected with the spiral (TS) and the blood allowed to run 
through until the spiral was fulL The free end of the spiral 
was then connected to the distal canpula avoidmg the entiy 
of an- bubbles mto the system The T-pieces (Tl and T2) 
permitted the takmg of samples, the control of flow and, if 
required, the measurement of blood pressure The same 
counter, once prepared, was used for several control e\peri 
ments After each experiment, the spiral was cleaned with 


HALKERSTON AND J H WHITE 1949 

The results of a typical animal expenment 
showing the changes of m the blood stream and 
thyrroid of a rabbit are illustrated m Eig 6 It will 
be noted that about 60 sec elapse before complete 
distribution takes place m the blood, and that the 
concentration rapidly falls to 60% of the maximiun 
value witlun the first 240 sec Further, it shows 
how readily the thyroid takes up iodine, which 
reaches a hugh level during the first 30 sec , and 



out detachment from the counter tube After removal from 
the ammal, water was drawm through the spual by means of 
a filter pump, followed by washmg through wnth detergent 
solution, it was finally nnsed agam with water and dried 
After the operative procedures were completed, and the 
background count recorded, was mjeoted rntravenously 
The fate of the tracer substance was then recorded from the 
moment of its entry mto the blood stream The number of 
impulses could be assessed, for instance, at mtervals of 
10 sec In the experiments with which we were concerned, 
the uptake of the thyroid was measured at the same 
tune by a OM 4 counter enclosed m a lead tube (see Fig 4) 

RESULTS 

Very soon after mjection of mto a human 
subject the thyroid counter began to show an 
mcreased activity, whilst changes m the blsuider 
readmgs occurred later The gradient of ^*^1 uptake 
by the thyroid and other organs wm found to 
vary’- considerably m different patients Chmoal 
diagnostic results achieved with this method wuU 
be reported later 


then mcreases more slowly over the following 
420 sec 

The method appears to have considerable 
heuristic value, and is now used m these labors 
tones for investigations relatmg to lodino meta 
bohsm 

SUMAIARY 

"1 A polygraphio device for recordmg oontmuous 
and simultaneous changes of the radioactive tfacer 
concentrations m different body regions is described 

2 Examples of the apphcabdity of the metho 
are descnbed 

3 It was possible, by the use of this method, 0 
study the fate of fi-om the moment of its entry 
in the blood stream 

The authors wish to express their thanks to the Meical 
Research Gounod for supphes of radioactive matenah 

MrH A Adams (ChiefEngmeerofBnstolMentalHospita^) 

for his valuable help and co operation, and to . 

Bnerley (of the Anatomy Department, Umverslty o 
Bristol) for prepanng the diagrams (Figs 1 and 4) 



Fig 2 Showing connexion between scaler and writer 
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Fig 3 Showing arrangement of eountera for simultaneous recordmg from different parts of the body 
1, thyroid region, 2, liver region, 3, bladder region 


PU 



Fig 4 Schematic diagram of the arrangement for simultaneous recording of tracers from blood 
stream and thyroid PU, leads to probe unit, 031 4, G E C Geiger Muller counter inside lead 
shield, C, 20th Century Electronics counter, timgsten helix, TS, Tcleothone spiral, LS, lead 
shield, CPB, proximal part of carotid, C£>, distal part of carotid, Cl and C72, glass cannulao, 
T 1 and 2’2, glass T-pieces, A 1 and A 2, artery clamps 
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The Influence of the Pituitary on Phosphorus Metabolism of Brain 


By M REISS, F E BADRICK aot JEAN H HALKERSTON 
Biochemical and Endocrinological Research DepaHment, Bristol Mental Hospitals, Fishponds, 


Bristol 


[Received 7 July 1948) 


A previoiis investigation (Reiss & Rees, 1947) dealt 
with the carbohydrate metabohsm of rat brain under 
different endocrine conditions The hexokinase acti- 
vity of grey matter was found to be mcreased after 
hypophysectomy, as was also the anaerobic glyco- 
lysis, the latter function was restored to normal 
by treatment of the ammals with preparations of 
corticotropluc hormone 

On account of the important part played by 
phosphate m carbohydrate metabohsm, it was con- 
sidered of mterest to follow these experiments with 
mvestigations of the phosphorus metabohsm, and 
the present paper describes some mvestigations 
which hava been made m this field by radioactive 
tracer methods 

Previous observations of the uptake of radioewtive 
phosphorus by bram after mjection have been 
reported BoreU & OrstrSm (1947) demonstrated by 
this means that the phosphate turnover m the 
pmeal body is considerably higher than for any 
other part of the bram Similar experiments, 
earned out m animals of different ages, were 
recorded by Fness & Cliaikoff (1941) and by 
Schachner, Fness & Chaikoff (1942), who also 
exanuned the distribution of absorbed phosphorus 
of ffactions of different solubihty, especially the 
hpid fraction 

The experiments described m this commumcation 
were designed mainly to reveal differences m be- 
haviour between the brains of normal and hypo- 
phj^ctomized animals 

IMETHODS 

Measurements Measurements of radioactivity on dry 
samples were made ivitli G M 4 Geiger counter tubes 
(General Eleetno Co Ltd ) AU samples were placed m the 
lead castle at the same distance from the counter Laciuid 
samples were dealt with by the use of the AUtools M R C 1 
liqmd counter 

Animals Rats (both hooded and Wistar types) were 
used throughout the investigations, and were killed by 
decapitation Generally pairs of rats, as nearly as possible 
equal m weight, were used, one servmg as control to the 
treated ammal Where bigger groups of ammals were used, 
one third to one half of the total number were controls 
Hi-pophi'sectomy was performed by the paratracheal route, 
and rats were used at varymg intervals after operation 
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Preparation of material for measurements Small amounts 
of tissue were best dealt with by mountmg on filter papers 
of 2 6 cm diam which had been previously weighed on a 
torsion balance After spreadmg the tissue on the paper, 
the combmed weight was read and the material dned in an 
oven at 100° Very thm layers were thereby obtamed, and 
the weights of samples thus weed could bo &s low as 1 0- 
2 5 mg for a whole pmeal For other organs, such as bram, 
hver, or spleen, the weights were withm the range of 20— 
60 mg Blood (20-40 mg ) was soaked mto the paper, and, 
after first drying m air, was dned in the oven as before 
When ready the papers were laid flat on a sample tray in the 
lead castle contaiiung the G M 4 counter Repeat counts 
for the same sampR varied by 1-6 % In some experiments 
the jS radiation of the bram surface only was measured The 
bram (without olfactory lobes) of the decapitated animal 
was prepared, and, after removal of traces of blood, was 
placed on a microscope shde m the centre of the lead castle 
The connts/mm for upper and lower surface are combmed 
m the tables For hquid counts the whole brain (exoludmg 
olfactory lobes) was first homogenized m the presence of a 
few ml 25% tnohloroacetio acid with an Elvehjem homo- 
gemzer (Potter & Elvehjem, 1936) After centnfugmg, the 
supernatant flmd was made up to 10 ml with water, and 
the solution was thoroughly mixedTand immediately poured 
mto the hqmd counter for measurement Lipid material 
was then extracted from the precipitate by suspendmg m 
Bloor’s mixture The mixture was placed m a hot water 
bath untd the solvent was brought to the boil, then cooled, 
the volume made up to 60 ml with firesh Bloor’s solvent, 
and the mixture centnfuged Samples of 10 ml were taken 
for measurements 

The residue finally remaimng from the acid and hpid 
extractions was ashed by heatmg m a hard glass tube over 
a rmorobumer with 2 ml 60% HCIO^, until the charred 
matenal had clarified and the mixture become homo 
geneous After coobng, this was made up to 10 ml with 
water and transferred to the hqmd counter 

RESULTS 

Representative results of a senes of twenty one 
experiments m which, the animals were sacrificed 
40 mm after mtravenous mjection with ®®P, and 
the uptake by the various organs measured, axe 
indicated m Table 1 It wiU be seen that the 
phosphorus uptake of grey matter m the normal 
ammal is very low, bemg only about one eighth of 
that of the hver The rate of uptake by the pmeal is 
considerably higher than for other organs mvesti- 
gated, the pmeal accumulates (per 100 mg fresh 

17 
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Table 1 Gompanson between uptake of normal and hypophysectomvzed animals 

and hypophysectomized animals injected with corticotrophic hormone 

’ \ \ 

(Intravenous mjeotion of 2|ao 40 mm before dissection ) 


Organ 


Normal animals 


Counts/mm /lOO mg tissue 


Hypophysectomized 
animals mjected with 
Hjrpophyseotomized corticotropluo hormone 
anrmals 1 hr before 


Bram, grey matter 

Olfactory lobe 

Pmeal 

Liver 

Adrenal 

Thymus 

Testis 

Blood 


36, 48, 60 

123, 162, 140 

34, 72 

118, 93. 88 

33, 64, 76 

49, 63 

381, 333, 280, 216 

1028, 632, 644, 728 

293, 272 

228, 196 

269, 320 

296, 280 

64, 78 

86, 96 

^ 92, 96 

109, 146 

60, 76 

90, 63 

89, 94, 82 

49, 66, 62 

66, 66, 48 

21, 61, 23, 28, 42 

24, 42, 17, 38, 48 

18, 12, 16 


Table 2 


Comparison between uptake of normal and hypophysectomized animals 


(Intravenous mjection of 2 jac **^1 1 hr before dissection ) 


Organ 


Counts/mm /lOO mg tissue 


Normal animals 


Hypophysectomized animals 


Bram, grey matter 

Olfactory lobe 

Pmeal 

Liver 

Adrenal 

Thymus 

Testis 

Thyroid 

Blood 


129, 172, 146, 110, 160 

186, 276, 298, 242, 162 

480, 600, 820, 704, 634 

328, 382, 422 

264, 326, 364, 411, 321 

344, 343, 480 

342, 666, 193, 604 

4860, 6148, 7201, 6224, 6368 

892, 680, 630, 721, 866 


138, 123, 170, 166, 142 

236, 270, 210, 190, 196 

946, 1260, 1286, 1122, 1420 

349, 304, 318 

460, 443, 360, 620, 288 

483, 364, 612 

336, 321, 282, 312 

620, 678, 1600, 996, 362, 826 

631, 842, 1240, 1260, 482, 636 - 


tissue) about ten tunes as much phosphorus as 
bram, six times as much as the adrenal and 60% 
more than the hver > 

Hypophysectomy appears to brmg about a general 
mcrease m the absorption In different experiments 
the mcrease m the case of bram amounted to 
60-600 % The pmeal shows an mcrease m uptake of 
70—900%, while the hver showed mcreases of 
0 - 100 % 

The effect of corticotrophic hormone is clearly 
demonstrated Admmistration to the hypophy- 
sectomized animal of about 3 sudanophobic umts 
1 hr before mjection of 3*P reduced the phosphorus 
uptake of the bram and of the pmeal to a normal 
level 

That the high activity of the pmeal is not 
restricted to phosphorus only is shown m Table 2, 
which gives the results of parallel experiments 
earned out with ^^I (the only other radioactive 
indicator available at these laboratories) After 
mtravenous mjection, more ^^^I is taken up by the 
pmeal than by any other tissue with the exception 
of the thyroid The lodme uptake by the pmeal 
after hj'pophysectomy is mcreased m the same 


manner as the phosphorus uptake, but no oorre 
spondmg behaviour was shown by bram 

Table 3 illustrates experiments where radiation of 
the bram surface was measured at different mtervals 
after mjection of various doses of There is, 
without exception, a considerable mcrease m 
phosphorus uptake rangmg between 63 and 688 %, 
and this mcrease is borne out by the results of 
measurements on the trichloroacetic acid extract 
of the whole bram At the same time, the content of 
32p m the hpid phosphorus fraction showed httle 
change when measured 1 hr after mjection of the 
phosphorus There was, however, a considerable 
mcrease, compared with normal control animals, 
17 6 hr after mjection 

DISCUSSION 

The mcrease of phosphorus uptake of the bram after 
hypophysectomy should be considered m combma 
tion with the previous findmg of Reiss & Rees 
(1947) that hypophysectomy results m mcreased 
hexokmase activity and anaerobic glycolysis 

The mcreased activity of the bram witli regard to 
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phosphorus may possibly be due to mcreased carbo- 
hydrate utilization, and tliis supposition would 
appear to be justified by the large mcrease of 
phosphorus m the acid-soluhle fi:action, which con- 
tains the various carbohydrate phosphoric esters 
These observations are mterestmg m the hght of 
certam long-estabhshed therapeutic apphcations 
of phosphates the administration of sodium di- 
hydrogen phosphate or phosphorus-contammg 
syrups m cases of fatigue may be justified on the 
basis that fi^eslily administered morgamc phosphate 
can be rapidly mobilized for phosphorylation pro- 
cesses m the bram, thus providmg a stimulus to 
carbohydrate metabolism 

In this connexion there may be some grounds for 
the behef that a more sensitive jS-counter could 
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furnish information of diagnostic importance, by 
reveahng somethmg of the state of carhohydrate 
metabolism m the human bram, through observa- 
tions of rates of radioactive phosphorus uptake It 
would be wise, however, to suspend judgement on 
this pomt, until much more work of a fundamental 
character is accomplished 

The findin g of BoreU & 0r&tr6m (1947) that the 
pmealhas the largest phosphorus uptake/100 mg is 
confirmed It may he doubted, however, whether 
then deduction that the pmeal plays an important 
role m phosphorus metabolism is justified, m view 
of the equally high activity of this gland with 
regard to ^®^I, demonstrated m the present research 
No explanation can at this stage be offered for this 
behaviour, but it may be permissible to offer the 
suggestion that the pituitary gland can exert some 
inhibitory function, controlling the activities of the 
pmeal 
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SUMMARY 

1 Previous observations by other workers on 
2SS§Sggio35S uptake of radioactive phosphorus by the bram 

after mjeotion mto normal rats are confirmed, com- 
parative measurements on other organs have been 
made 
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2 The effect of hypophysectomy is to brmg 
about a general mcrease m the absorption of 
phosphorus, particularly by the bram and the 
pmeal 

3 Administration of corticotrophic hormone to 
the hypophysectomized animals, before mjection 
of phosphorus, restores the absorption to a normal 
level 

4 It IS suggested that the mcreased rate of 
uptake of the bram m the hypophysectomized 
animals is connected with mcreased carbohydrate 
utilization 


fi, j 1 ^ “ acknowledge their indebtedness 1 

matemf'^ Research Council for supphes of radioaotn 
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Studies on Cholinesterase 

6 THE SELECTIVE INHIBmON OF TRUE CHOLINESTERASE IN VIVO 

By ROSEMARY D HAWKINS and B MENDEL 
Banting and Best Department of Medical Research, Banting Institute, 
University of Toronto, Toronto, Canada 

{Received 27 September 1948) 


When the distinction was made between two types 
of chohnesterase (ChE) m the animal body, these 
enzymes were called true chohnesterase and pseudo- 
chohnesterase (Mendel & Rudney, 1 943 o) The name 
pseudo-cholmesterase was chosen because it was 
deemed unlikely that this enzyme could deal 
effectively with acetylchohne in mvo m view of its 
relative mactivity toweirds low concentrations of 
that substrate To deter min e the vahdity of this 
assumption Hawkins & Gunter (1946) employed 
a selective inhibitor of pseudo chohnesterase, the 
prostigmme analogue Nu 683 In mvo experiments 
with this compound showed that a prolonged and 
almost complete inhibition of pseudo-cholmesterase 
m plasma and tissues does not evoke any reaction 
mdicative of the accumulation of acetylchohne 
Thus it appeared that m conditions m which the 
activity of true chohnesterase is relatively unim- 
paued pseudo chohnesterase plays no essential 
role m the removal of acetylchohne in mvo 

The possibihty remamed, however, as these 
workers pomted out, that an auxihary role might 
be assumed by pseudo chohnesterase, namely, that 
of serving as a substitute for true chohnesterase 
whenever the activity of the latter enzyme is 
impaued Proof of this hypothesis has hitherto not 
been put forward It has awaited the fin ding of a 
compound which not only possesses the property of 
actmg as a selective inhibitor of true chohnesterase, 
but which can also be administered in mvo without 
ehcitmg any effects other than those attributable to 
its chohnesterase inhi biting action 

Selective inhibitors of true chohnesterase have 
been described previously Zeller & Bissegger (1943) 


have shown that high concentrations of caffeme 
inhibit the chohnesterases of erythrocytes and 
bram, two examples of true chohnesterase (Mendel 
& Rudney, 1943a, b), without significantly affect 
mg the chohnesterase activity of human plasma 
which contains mamly pseudo-cholmesterase 
(Mendel, MundeU & Rudney, 1943) Recently, 
Adams & Thompson (1948) have demonstrated 
that certam ‘mtrogen mustards’, particularly di- 
(2-chloroethyl) methylamme (DDM), act as seleo 
tive inhi bitors of true chohnesterase 

The present co mmuni cation deals with a chohn- 
esterase inhibitor which, apart from possessmg a 
selective inhibitory action on true chohnesterase, 
produces no effects in mvo that could not he 
attributed to the accumulation of acetylchohne 
This compound, a prostigmme analogue, the 
N-p chlorophenyl-N-methylcarbamate of m-hy 
droxyphenyltrimethylammomum brormde (Nu 
1260, Aesohhmann & Stempel, 1946), has the 
foUowmg formula ^ 



The aforementioned properties of Nu-1260 sug 
gested its use as a tool m determinmg whether 
pseudo-chohnesterase can assume an auxihary 
role m the hydrolysis of acetylchohne when the 
activity of true chohnesterase is unpaired The 
results of experiments deahng with this questidn 
are reported here 
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METHODS 

Sitbstrates 


Acetyloholine chlonde (Acb.), Hoffmanii-Iia Rodie, 
Basel, Switzerland Benzoyloholine dilonde (Bch), kindly 
Bupplied by Hoffmann La Roobe, Inc , Nutley, N J 
Acetyl metbylchohne chlonde (Mch), Merck’s Mecholyl 
In all cases, the final concentration of substrate in the 
reaction nurture was sufficient to afford complete satura- 
tion of the enzyme, viz 0 0012 m Ach for true cholm- 
eaterase, 0 OfiM-Ach for pseudo chohnesterase, 0 03 m Moh 
and O OOfiM-Bch for the same two enzymes respectively 
(Mendel et al 1943) 

Estimation of enzyme activity 

The activity of the cholinesterases was measured mano 
metncaUy by Warburg’s method at 37 6° m a medium con- 
taming 0 026 m NaHCOa saturated with 6% COj in Nj 
(pH 7 4) Blank detenmnationa were fun for each sub 
strate to estimate the extent of non enzymic hydrolysis 
The enzyme preparation was placed m the mam com- 
partment of the Warburg vessel, the substrate m the side 
arm, and the inhibitor (0 1 mL) was added to the enzyme 
bicarbonate mixture m the mam compartment The total 
flmd volume was 6 mL A 16 mm period was allowed for 
the attainment of thermal eqnihbnum, following which the 
substrate was tipped m from the side arm Readmgs were 
started 6 mm later, and were repeated at appropnate 
mtervals for the next 20 mm , or, m cases where low sub 
strate concentrations were used, until the rate ofi the re- 
action began to falL 

Source of enzyme 

Plasma Freshly drawn, oxalated blood was used The 
ceUfl were separated from the plasma by centrifugation 
The volume of plasma used (0 1-1 0 ml ) depended on the 
activity, which varied from one species to another Follow 
mg the mjeotion of the inhibitor mto experimental animals, 
the activities of the chohneaterases were measured m un 
diluted plasma to prevent the inhibitor enzyme complex 
from dissociating upon dilution This procedure necessitated 
correction for the retention of COj (Warburg, 1923) 

Erythrocyles After removal of the plasma/ the cells were 
washed three times with 0 9% HaCl, and haemolysis was 
then brought about by the addition of three times their 
volume of distilled water 0 2 ml of the haemolysate was 
used m the estimation of enzyme activity 

Fraclwnated rat plasma The plasma of six male rats was 
brought to 0 6 saturation inth (NH 4 )jS 04 After 30 mm 
the mixture was centnfuged and the supernatant flmd (S) 
decanted The precipitate was then washed with 0 4 
saturated (NH^l-SO^ for 20 mm , centrifuged, and the re- 
maming precipitate (P) suspended m a small volume of 
water Both S and P were dialj'zed against tap water for 
18 lu Usmg Jlch and Bch as substrates, it was found that 
fraction S contained pseudo chohnesterase but no true 
cholmcsf erase, nhilst fraction P contamed the true chohn- 
esterase, but onli a trace of pseudo chohnesterase 

Dog brain The bram was removed as soon as possible 
after dtath, and a suspension of the nucleus caudatus was 
prepared bi gnndmg the tissue m three times its weight of 
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distilled water The suspension (0 1 ml ) was used m the 
determination of enzymio activity 

Dog pancreas The gland was obtamed from the same 
animal from which the bram had been taken The larger 
blood vessels and fibrous tissue were removed, and a sus- 
pension was prepared by grmdmg the pancreas with nine 
tunes its weight of distilled water m a Warmg Blendor and 
subsequently strammg it through a fine sieve The sos- 
pension (0 1 ml ) was used m the experiments reported 

Inhibitor 

A stock solution of Nn 1260 (IQ-^m) m distilled water was 
prepared every second day Subsequent dilutions were 
made from this solution as required In contrast to the 
expenences with diwopropyl flnorophosphonate (DFP) and 
DHM, no significant change m potency was evident withm 
a 36 hr penod (Mol wt of Nn-1260 = 3994 ) 

RESULTS 

(A) In vitro expenments 

The following prebinmary experiments were per-' 
formed to assess the smtabihty of jN’u-1260 as a 
tool for testing whether pseudo -chohnesterase can 
play an ausahary role in the hydrolysis of acetyl- 
chohne in vivo 

(1) In order to find a smtable animal for the proposed tn 
VIVO expenments, the margm between the sensitivities of 
true chohnesterase and pseudo ohohnesterase m various 
species towards Nu-1260 was determined 

(2) Smee acetyl /3 methylcholme and benzoyloholme 
were to be used as substitutes for aoetyloholme m esti- 
mating the activities of the two ohohnesterases separately 
(Mendel et al 1943), it was necessary to ascertam whether 
the inhibitions by Nu'1260 of the hydrolysis of these sub- 
strates and of aoetyloholme are identical 

The results of these mvestigations appear below 
(1) The inhibition by Isru-1260 of the chohn- 
esterases m the plasma and tissues of various species 
18 summarized m Table 1, the values obtamed with 
each concentration of the inhibitor representmg the 
average of several detennmations It can be seen 
that Nu-1260 acts as a selective inhibitor of true 
chohnesterase However, the ihargin between the 
sensitivities of the true chohnesterase and pseudo - 
chohnesterase m the plasma and tissues varies from 
species to species In the case of human subjects 
(section A) the activity of true chohnesterase (ery- 
throcytes) IS at least a thousand tunes more sensitive 
to the inhibitory action of Nu-1260 than is the 
pseudo chohnesterase (plasma) , with the tissues of 
the dog this margm drops to about twenty times, 
whilst m the case of the true chohnesterase and 
pseudo-cholmesterase of horse blood, a margm of 
approximately five tunes is obtamed The rat 
seemed ideal for in vivo expenments because the 
true ohohnesterase m the plasma of this animal is 
at least a thousand tunes more sensitive to Nu-1260 
than 13 the pseudo-cholmesterase 
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Table 1 Percentage ^nh^h^t^on, by N«-1260 of the chohnesteraaes 
tn the plasma atid tissvss of various species* 


Substrate 




<* 

Concentration 

Section 

Enzyme source 

Nature 

(M) 

A 

Human erythrocytes 

Ach 

Mch 

0 0012 

0 03 


Human plasma 

Aoh 

0 06 

B 

Horse erythrocytes 

Ach 

0 0012 


Horse plasma 

Ach 

0 06 

G 

Dog brain (nuoleus 
caudatus) 

Aoh 

0 0012 


Dog pancreas 

Boh 

0 006 


Dog plasma 

Moh 

0 03 

D 

Eractionated rat plasma* 

Boh 

0 006 


Precipitate (P) 

Moh 

Aoh 

0 03 

0 0012 


Supernatant flmd (<S) 

Boh 

Aoh 

0 006 

0 06 


CJoncentration of Nu 1260 (m) 


10-3 

T 

0 

10-3 

10-“ 

10-’ 

6 X 10-« 

10-8 

6 X 10-» 

ia-» 

— 

— 

100 

96 

84 

— 

66 

60 

34 

— 

— 

— 

■ — 

86 

— 

— 

66 

— 

97 

68 

29 

16 

— 

— 

0 

— 

— 

— 

— 

— 

100 

97 

93 

58 

— 

— 

— 

— 

100 

97 

70 

66 

— 

— 

— 

— 

— 

100 

96 

92 

86 

— 

— 

— 

— 

— 

88 

83 

63 

14 



— 



— 

— 

— 

— 

93 

87 



— 




— 

— 

— 

64 

32 

— 

— 

— 




100 

100 

100 

91 

82 

69 

13 

— 

— 

— 

— 

— 

— 

— 

72 

— 

— 

81t 

66 

46 

31 

24 

6 

— 

— 

— 

76t 

— 

43 

— 

— 

— 

— 

— 


* See Methods seotion for details of procedure and explanation of abbreviations used 
Nu 1260 concentration used here was 3 x 10 ~'m 


(2) Experiments with human erythrocytes, horse 
erythrocytes and the precipitate (P) from fraction- 
ated rat plasma (sections A, B and D of Table 1) 
showed that when acetyl-^-methylchohne was 
employed as substrate the inhibition of the activity 
towards that compound effected by Nu-1260 
mirrored the inhibition displayed when the 
natural substrate acetylcholine was used Hence, 
it was deemed vahd to consider the inhibition of 
the activity towards acetyl-^ methylchohne as a 
reflexion of the inhibition of the acetylchohne 
hydrolysis brought about by true ohohnesterase 
Similar results with the supernatant flmd (P) from 
fractionated rat plasma (section D, Table 1), which 
had been shown to contam pseudo -chohnesterase 
only, justified substituting the inhibition of the 
activity towards benzoyloholme for the inhibition 
of the acetylcholine hydrolysis brought about by 
pseudo chohnesterase 

(B) In vivo experiments 

Smce the true chohnesterase m the plasma of 
rats was found to be about a thousand tunes more 
sensitive to the inhibitory action of Nu-1260 than 
the pseudo-cholmesterase (see Table 1, section D), 
the rat seemed most smtable for the in mvo experi- 
ments The only difficulty appeared to be that a 
comparatively large volume of blood (2 6 ml ) had 
to be obtamed before the mjection of the inhibitor 
m order to determme the normal levels of the cholm- 
esterases m the plasma However, Sawyer & 


Everett (1946) have shown that m adult male rate 
both cholmesterases remam fairly constant over 
long periods of time, and prehmmary experiments 
m the present senes revealed that after the removal 
of 2 6 ml of blood from rats weighmg about 300 g 
an mtenml of 2 weeks sufficed for the regeneration 
of both enzymes to previous levels Therefore, adult 
male rate, weighing at least 300 g were used m the 
foUowmg experiments 

Blood (2 6 ml ) was removed by heart puncture under 
bght ether anaesthesia The activities of the chohnesterases 
m the plasma obtained from this sample served as controls 
agamst which the magmtude of the inhibition of these 
enssymes was gauged, when an effective dose of Nu 1260 
WM mjeoted 2 weeks later The effectiveness of the dose was 
detenmned by the appearance of weU defined syniptoins 
mdicative of acetylchohne accumulation, viz cheivmg 
movements, yawning, and extensive and violent fibrillary 
twitchmg of the voluntary muscles Upon their appearance 
the rats were killed by exsangmnation through the carotid 
artery, and the blood was collected m a beaker containing 
sodium oxalate (c 20 mg ) The suaceptibdity of the com 
plex between the chohnesterases and Nu-1260 to dissocin 
tion upon dilution necessitated the measurement of en 
zymic activity m the imdilnted plasma of these ammals 

Table 2 gives the chohnesterase levels in the 
plasma of six rats which di^layed well defined 
syrmptoms of acetylchohne accumulation following 
the mtrapentoneal mjection of Nu-1260 It wdl 
be seen that the true cholmesterase is inhibited 
76-89 %, whereas the activity of the pseudo 
chohnesterase is but insigmficeuitly affected Thus, 
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Table 2 InhibUion of the cholinesterases in the plasma of rats injected with Nw-1260 

(Activities are expressed as CO. evolved in 20 mm by 1 nd plasma ^vitb Mob and Beb as substrates for true ChE 
and pseudo CbB, respectively ) 

True cbolmesterase I’seudo obobnesterase 


Eat 

no 

1 

2 

3 

4 
6 
6 


Wt 

(g) 

330 

335 

360 

300 

360 

396 


Wt Nu 1260 
mjected 

(mg) 

0 066 
0 066 
0 070 
0 080 
0 168 
0 170 


Activity 

before 

Activity 

after 


Activity 

before 

injection 

injection 

Inhibition 

injection 

(/d. CO.) 

(/d GOsJ 

(%) 

(fd COJ 

62 6 

13 2 

76 0 

49 2 

440 

60 

86 0 

36 0 

460 

7 2 

840 

29 0 

443 

48 

89 0 

346 

43 0 

62 

87 6 

36 0 

446 

60 

86 6 

443 


Activity 

after 

mjeetion* 
(fJ. CO.) 
480 
32 0 
27 3 

30 4 

31 2 
37 3 


Inbibition 

(%) 

26 
110 
60 
12 0 
10 0 
16 0 


* Corrected for CO. retention 


m spite of its virtually undumnished. activity, 
pseudo-cholmesterase is unable to prevent the 
effects of acetylchohne accumulation when the 
true cholinesterase is inhibited. 

To exclude the possibdity that the reemtion of 
the experimental animals was due to an effect of 
Nu-1260 not related to acetylchohne accumulation, 

{ + )-tubocurarme, which blocks the response of 
skeletal muscles to acetylchohne, was administered 
to a senes of rats when the fibrillary twitchmg was 
at its height The intraperitoneal mjection of 
{ + )-tubocurarme (1 26 mg /kg ) arrested the fibril- 
lation almost immediately, thus proving that the 
symptoms ehcited by Nu-1250 were due to the 
accumulation of acetylchohne 

DISCUSSION 

As Adams & Thompson (1948) have pomted out, 
chphnesterase inhibitors may be divided mto three 
mam groups (1) compounds which inhibit pseudo- 
ond true chohnesterase to the same extent , (2) com- 
poimds which act selectively on pseudo-chohn- 
esterase, and (3) selective inhibitors of true chohn- 
esterase Group (1) mcludes esenue and prostig- 
mme (Hawkins & Mendel, 1946), group (2) mcludes 
pyrazolone denvatives (Zeller, 1942), percame 
(Zeller & Bissegger, 1943), tn o-cresylphosphate 
(Mendel & Rudney, 1944), certam unauthenticated 
curare preparations (Harris & Harris, 1944), the 
prostigmme analogue Nu 683 (Hawkms & Gunter, 
1946), diisopropyl fluorophosphonate (Hawkms & 
Mendel, 1947), and A^-diethylammoethylpheno- 
tluazme (2987 RP) (Gordon, 1948), group (3) 
includes caffemo (Zeller & Bissegger, 1943), certam 
‘lutrogen mustards’, especially di (2 chloroethyl)- 
niothjlamme (DD:M) (Adams & Thompson, 1948) 
and the prostigmme analogue Nu-1250 
By selectu ely inlubitmg pseudo chohnesterase in 


VIVO Hawkms & Gunter (1946) demonstrated that 
this enzyme plays no essential role m the hydrolysis 
of acetylchohne m the animal body Whether an 
auxdiary role rmght be assumed by pseudo-cholm- 
esterase m cases where the activity of true chohn- 
esterase IS impaired could ^not be detemuned by 
these authors, because no smtable selective mhibitor 
of true chohnesterase was available at that tune 
The results outhned m the present paper, however, 
permit the conclusion that pseudo-chohnesterase is 
'mcapable of playing even an auxihary role m pre- 
ventmg the accumulation of acetylchohne in vivo 
Consequently, the appearance of symptoms mdi- 
cative of acetylchohne poisonmg foUowmg the 
administration of a chohnesterase inhi bitor from 
any one of the aforementioned groups must be 
directly related to the action of the inhibitor on 
true chohnesterase Moreover, an -inhibition of 
approximately 76 % of the activity of true chohn- 
esterase must be exceeded before the onset of 
symptoms of acetylchohne accumulation can be 
expected, smce the experiments of Gunter & Mendel 
(1946), Hawkins & Gimter (1946) and Hawkins & 
Mendel (1947) have shown that a surplus of true 
chohnesterase exists m the animeil body It would 
seem therefore that if attempts are made to correlate 
the pharmacological effects of a compound with its 
abdity to act as a chohnesterase inhibitor, they will 
be of no avail, unless the chohnesterase inhibitory 
potency expresses the degree of inhibition of the 
true chohnesterase 

SUMMARY 

1 The prostigmme analogue, N-p ohlorophenyl- 
N-methylcarbamate of m-hydroxyphenyltrimethyl- 
ammomum bromide (Hoffimann-La Roche Nu- 
1260), was found to be a selective inhibitor of true 
chohnesterase 
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2 Inhibition, of true cholinesterase m rats brought 
about by the injection of Nu-1260 ehcits symptoms 
mdicative of acetylchohne accumulation, m spite 
of the undimmished activity of pseudo -cholm- 
esterase Thus, pseudo-cholmestereise is not essential 
to the hydrolysis of acetylchohne in mvo, as pre- 
vious experiments have shown, nor is it capable 


1949 

of ass umin g even an auxihary role m this process 
when the activity of the true chohnesterase is 
unpaired 

We are indebted to Dr J A. Aesohhinann and Hoffmann 
La Roobe Ino , Nntley, N J for making available to ns the 
Nu 1260 used m these experiments 
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The Absorption of Vitamin A in Ruminants and Rats 
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Drummond, Bell & Palmer (1935) and McCoord, 
Breese & Baum (1943) demonstrated an mcreased 
concentration of vitamm A m the lymph collected 
from the thoracic duct, after oral administration of 
the vitamm Popper & Volk (1944) observed a 
fluorescence typical of vitamm A m the lacteals of 
the rat foUowmg dosage Radice & Herraiz (1947) 
confirmed the results of Popper and claimed that 
they had observed a similar fluorescence m portal 
blood These findings suggested that vitamm A 
may be absorbed by two different routes, as has 
been described for fats by Frazer (1946) 

In the present study, both the portal blood and 
the lymph were ex amin ed as possible pathways of 
absorption, m order to ascertam the relative im- 
portance of the two routes The experiments were 
performed on three species, oxen, sheep and rats, 
by dosmg them with vita min A and estimating the 
vitamm m systemic and portal blood, and m lymph 


glands from various regions of the body The 
samples were collected as soon as possible after 
slaughter of the animals 

EXPERIMENTAL 
Treatment of animals 

The animals were given vitarmn A (6000 1 u /kg body wt ) 
in the form of hahbut hver oil, by mouth Doses were pre 
pared for bullocks and sheep by emulsifying the hahbnt 
hver oil with reconstituted separated milk by means of 0 
Wanng Blendor Rats, fasted for 12 hr , were dosed from 0 
precision pipette with undiluted od 

BuUocls Fourteen Ayrshire and two Fnesian buUockfl 
weighmg 160-250 kg each were dosed at different timM, 
rangmg from 2 to 24 hr , before slaughter The total bulk 
of the dose was 760 ml Before dosmg, samples of jugular 
blood were taken mto oxalate, and after dosmg, samples o 
jugular and portal blood were coUected, usually mt 
2 and not exceedmg 6 mm after slaughter All b 00 
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Bamples were osaJated to prevent clotting by mixing the 
blood at coUeotion with a 10% oxalate solution to give a 
final ddution of 0 1% Lymph glands from various m- 
testmal regions and other parts of the body were removed, 
shced and allowed to dram, vitamm A estimations were 
performed withm 24 hr on the lymph thus obtamed 

Shtep Nmeteen adult sheep, weighing 60-90 kg each, 
were used, the dose of hahbut hver od was made up m a 
bulk of 400 mL and given 4r-7 hr before slaughter The 
procedure closely followed that for the bullocks, but no 
attempt was made to separate the mesenteno lymph glands 
according to their connexions with the various parts of the 
mtestme 

Bats It was drffioult to obtam from single rats enough 
material for accurate estimations, and therefore the experi- 
ments were performed by poohng the material from five 
rats Albmo and piebald rats weighing 200-250 g each 
were used and a group was killed at times varying from 
1 to 8 hr after dosing Systemic and portal blood (0 6 ml ) 
was coUeoted from each rat and the five samples pooled It 
was impossible to collect the flmd from the lymph glands, 
and hence vitamm A estimations were performed on the 
whole of the mesenteno lymph tisane 


Ghemtcal methods 

Methods of extraction Plasma and lymph were treated 
according to the method of Yudkm (1941) which consists m 
precipitating the proteins with ethanol and extracting the 
vitamm with light petroleum For estimations 2 ml of 
plasma or lymph were generally taken, although it was not 
always possible to obtam this amount from the lymph 
glands of the body The method descnbed by Glover, 
Goodwm & Morton (1947) for hver tissue was used for 
lymph tissues They were ground with sand, dehydrated 
with anhydrous Na 2 S 04 and extracted with hot ether 
Eslmations of carotene and vitamm A Colour mtensities 
were measured m a single photocell absorptiometer, similar 
to that descnbed by Evelyn (1939) Small Ogal ceUs 
(Tmtometer Ltd.) of 1 cm depth and 1 7 ml capacity were 
used for the solutions Carotene, when present, was esti 
mated by measurmg the yellow colour of the hght petroleum 
extracts of the samples, usmg Wratten filter no 47 
CrystaUmo ^ carotene was used for cahbration The 
method of ostimatmg vitamm A was s imila r to that de 
senbed by Eden (1948), except for the foUowmg modifica 
tions After adjustmg the galvanometer to full scale de 
flexion with chloroform as the blank, the cell contammg 
0 1 ml of the extract was reinserted mto the absorptio 
meter As the colour of the Sba, reaction mixture fades 
rapidly, it was necessaiy to obtam a qmck readmg Hence 
0 4 ml of SbClj reagent was blown mto the cell so as to 
ensure rapid mnxmg and the readmg was taken withm 
10 sec A concentrate of vitamm A ester (Distillation 
Products, Inc ) contammg 700,000 U S P umts/g was used 
for tlie standard reference curve One U S P umt was re 
garded as eqmvalent to one i u 

Correction for carotenoids In the estimation of vitamm A 
m bullocks’ plasma, which contams sufficient carotenoids 
to interfere with tlio Carr-Pnee SbCl, colour reaction, a 
correction was made by deducting one quarter of the caro- 
tene A alucs expressed as i u from the ongmal total vitamm 
A figures Other matenols examined contained only traces 
of carotenoids, and hence no correction was apphed 


RESULTS 

The results for bullocks, sheep and rats are presented 
in Tables 1, 2 and 3 respectively 

Blood After dosing, the vitamin A concentration 
of both the systemic and portal blood rose m all 
three species approximately 80 % above the levels 
before dosmg In general, the vitamm A values of 
systemic blood were higher than those of portal 
blood The actual figures for portal and systemic 
blood after dosmg were 147 and 162 for bullocks, 
187 and 220 for sheep and 224 and 234 i u /lOO ml 
for rats, respectively 

Lymph The vitamm A content of the lymph 
drammg the small mtestme of the dosed animals 
was on the average about ten tunes that of the 
undosed animals There was a rise from 226 to 
1600 1 u /lOO ml m bullocks, from 100 to 4830 
1 u /lOO ml m sheep and from 0 4 to 3 2 i u /rat 
On the other hand, the differences between the 
body lymph of dosed and undosed animals were 
withm the experimental error of the method, which 
was greatly mcreased by the small amoimts 
available for estimations 

An attempt was made to find out which part of 
the mtestme was mamly responsible for the absorp- 
tion of the vitamm A, by analyzmg lymph from 
veinous parts of the gut It was found that with 
one exception lym^h obtamed from the glands 
drammg the duodenum had a higher vitamm A 
content than the lymph from jejunum or ileum 
(Table 1) On the other hand> the lymph drammg 
the large mtestme showed no rise above tliat of the 
body lymph (169 and 176 i u of vitamm A/100 ml 
respectively) mdicatmg that no marked absorption 
of the vitamm had occurred from this region of the 
gut, similarly, no absorption could be observed 
from the stomach 


DISCUSSION 


Our experiments have shown that m rummants and 
rats vitamm Ans absorbed through the mtestmal 
lymph This agrees with results obtamed on other 
animals by Drummond et al (1936), McCoord et al 
(1943), Popper & Volk (1944) and Badice & 
Herraiz (1947) 




X — wxLcau xuuou Ui bJU 

absorption occurred from the upper part of th 
mtestme (Table 1) Popper & Volk (1944) als 
contend that the upper two thirds of the mtestm 
IS the most effective region of absorption 
We have been unable to confirm the work c 
^dice & Herraiz (1947) on portal absorption Afte 
do^g, the average figures m our experiments fo 
portal blood showed no marked difference fror 
those for s^temic samples It is possible that th 
period of absorption through the portal blood ma 
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Table 1 Concentration of mtamin A in plasma and lymph of btiUocLs after administration 

of 6000 t u jkg of body weight 

Vitamin A (1 u /lOO ml ) 


Time Plasma ' Lymph (at slaughter) 

lolled , ^ ^ , * 

(hr ) At slaughter Intestmal 


Animal 

no 

after 

dose 

Before 

dosmg 

f 

Systemio 

^ Non- 

Portal mtestmal 

i 

Duodenum 

A 

Jejunum 

Ileum 

1 

2 

64 

146 

Dosed animals 

143 

67 

1130 

306 


2 

6 

84 

212 

226 

246 

1260 

2870 

1430 

3 

8 

91 

204 

209 

116 

2900 

1600 

406 

4 

12 

81 

146 

140 

237 

2030 

1330 

300 

6 

12 

69 

100 

101 

— 

681 

306 

160 

6 

16 

69 

139 

79 

144 

1480 

668 

216 

7 

16 

86 

166 

100 

95 

1270 

1020 

170 

8 

24 

66 

146 

116 

— 

2650 

1660 

— 

9 

24 

67 

170 

176 

132 

202 

192 

— 

10 

24 

61 

189 

183 

186 

1680 

660 

363 


Average 

72 

162 

147 

175 

1600 

1030 

460 

11 

0 

66 

66 

Undosed animals 

72 

146 

178 

178 

146 

12 

0 

108 

100 

109 

114 

320 

190 

116 


Average 

87 

83 

60 

130 

226 

186 

130 


Table 2 Concentration of mtamin A in plasma and lymph of sheep after administration 

of 6000 t « jkg of body weight 


Vitamm A (1 u /lOO ml ) 



Tune 

i 

Plasma 





kdled 

/ 

A 


Lymph (at slaughter) 


(hr) 


At slaughter 

/ 

-y , 

Animal 

after 

Before 

A 

— 

— ^ Non- 


no 

dose 

dosmg 

Systemio 

Portal mtestmal 

Intestmal 




Dosed animals 




1 

4 

138 

344 

170 

104 

1,020 

2 

4 

112 

410 

365 

76 

9,640 

3 

4 

103 

328 

166 

21 

4,140 

4 

4 

138 

169 

188 

16 

8,880 

6 

4 

172 

182 

176 

— 

14,000 

6 

4 

170 

143 

120 

— 

2,800 

7 

6 

108 

149 

140 

39 

610 

8 

6 

128 

267 

172 

9 

1,300 

9 

6 

82 

197 

n8 

96 

3,600 

10 

6 

107 

182 

1601 

^ 67 

7,600 

11 

6 

107 

216 

170 j 

1 


12 

7 

86 

126 

3601 

L 49 

1,020 

13 

7 

122 

182 

143 J 

f 



Average 

121 

220 

187 

62 

4,830 




Undosed ammals 




14 

0 

170 

143 

120 

— 

314 

16 

0 

86 

71 

62 



16 

0 

86 

74 

47 

22 

47 

17 

0 

77 

84 

64, 



18 

0 

107 

116 

48 

- 65 

71 

19 

0 

107 

77 

67) 




Average 

105 

94 

63 

36 

100 
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Table 3 Concentration of vitamin A in plasma and 
lymph of rats after administration of 6000 i u jig 


of body weight 

m 

Vitamm A 

A 



4.11UO 

kiUed 

nu /lOO ml 

1 u /rat 

Group 

no 

(hr) 

after 

dose 

plasma 

t T”' 

Systemic Portal 

lymph 

tissue 

(mtestmal) 

1 

2 

Dosed animals 

166 

260 


2 

2 

240 

256 

30 

3 

2 

216 

162 

30 

4 

2 

638 

470 

37 

6 

3 

243 

220 

23 

6 

6 

146 

147 

— 

7 

5 

133 

114 

37 

8 

6 

226 

245 

25 

9 

8 

113 

163 

33 


Average 234 

224 

32 

10 

0 

Undosed animals 

104 

96 


11 

0 

104 

117 

04 

12 

0 

104 

104 

04 


Average 104 

106 

04 


be short, and that m these experiments any rise was 
missed This is, however, considered unhkely as 
various periods between 1 and 24 hr were allowed 
for absorption Another possibihty is that the 
absorption rate of vitamin A through the portal 
blood IS low, causing a rise too small to be detected 
' by the present methods of estimation As the portal 
circulation durmg digestion is rapid, the total 
amounts of vitamm A thus absorbed may be quite 
considerable The difference between the results 
obtamed by Radice & Herraiz (1947) and those m 
this experiment may also be influenced by the fact 
that they gave a dose forty tunes larger 

A possible criticism of the present mvestigation 
IS that the amounts of vitamm A administered were 
considerably larger than those normally taken m 


food However, m expenments not yet pubhshed, 
we obtamed similar results when newborn calves 
were fed artificial colostrum, fortified by amounts 
of vitamm A witlim the range occurrmg m natural 
colostrum 

From our results we have been unable to obtam 
any conclusive evidence that vitamm A is carried 
from the mtestme by the portal blood On the other 
hand, the lymph dxammg the small mtestme seems 
to be the mam pathway by which the vitamm A 
reaches the general circulation 

SUMMARY 

1 Bullocks, sheep and rats were dosed with 
5000 1 u of vitamm A/kg body weight and 
slaughtered 1-24 lir after dosmg On slaughter, 
ntamm A was estimated m systermc and portal 
blood, and also m the lymph or lymphatic tissues 
obtamed fi'om glands of the mtestmal and other 
regions of the body 

2 In all three species, the lymph or lymph 
glands of the mtestme contamed considerably more 
vitamm A m dosed than m undosed animals The 
average values for sheep and bullocks after dosmg 
were 4830 and 1600 i u of vitamm A/100 ml and 
180 and 225 i u /lOO ml for animals not dosed This 
marked rise was not found m the body lymph after 
dosmg, the concentrations bemg only 62 and 
176 1 u /lOO ml respectively The major part of this 
absorption seems to take place m the upper part of 
the mtestme 

3 The vitamm A content of portal blood and of 
systermc blood rose after dosmg, but the average 
figures for the portal blood were if anythmg shghtly 
lower than those for systermc 

Our thanks are due to Dr L J Hams, Dr T Moore and 
Mr F Blakemore for their valuable cntioism and one of us 
(E E ) IS grateful to the Agricultural Research Council for 
financial support 
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The Decarboxylation of o-Hydroxyphenylalanine 

By H BLASCHKO, The Department of Pharmacology, Umvermty of Oxford 

{Received 6 August 1948) ' 


Two new substrates of the mammahan enzyme 
DOPA decarboxylase have recently been described, 
L-w-hydroxyphenylalanine emd I--2 6 dihydroxy- 
phenylalanme (Blaschko & Sloane Stanley, 1948) 
Both these ammo acids have, like l- 3 4-dihydroxy- 
phenylalanme, the phenohc hydroxyl group m the 
meta position relative to the side cham, and it was, 
therefore, concluded that it is the presence of tins 
groUp m these three substances winch enables them 
to be substrates 

Tyrosme is not a substrate of the enzyme, but it 
IS not known if the presence of a phenohc hydroxyl 
group m the ortho position is of importance for 
substrate specificity In the experiments described 
m this paper the decarboxylation of o-hydroxy- 
phenylalanme by mammahan tissue extracts has, 
therefore, been studied At the same tune, a few 
observations on the action of ammo acid oxidases 
on o-hydroxyphenylalanme are reported 

MATERIAL AND METHODS 

The observations were made on a sample of di>o hydroxy- 
phenylalanine for which I am grateful to Dr A Neubeiger 

Por the experiments with decarboxylase, extracts were 
freshly prepared by grin ding the organs with sand and 
adding 1 ml of 0 067 M-sodium phosphate buffer (pH 7 4)/g 
of tissue The supernatant flmd after 6 mm centnfugmg 
was used It was assumed that 1 ml of extract contamed 
the activity of 0 6 g of tissue The rate of CO, formation 
was measured manometncaUy as previously described 
(Blaschko, 1942) , all the data given are corrected for CO, 
retention 

Por the study of ammo acid oxidases two preparations 
were used D Amm o acid oxidase was obtamed from an 
acetone dried powder of pig kidney The powder (400 mg ) 
was left to stand at room temperature for 1 hr with 4 ml of 
0 067 m sodium phosphate buffer (pH 7 4), of the super- 
natant flmd after centnfugmg 0 6 ml was used/flask The 
second preparation was a sample of cobra venom which 
contamed a powerful l ammo acid oxidase desonbed by 
ZeUer & Mantz (1944) 

RESULTS 

(a) Decarboxylation of o-hydroxyphenylalanine 

Extracts from guinea pig kidney and rat liver were 
used These organs contam DOPA decarboxylase 
A solution of DL o-hydroxyphenylalanme, when 
mcubated with these extracts under anaerobic 


conditions at 37 6°, gave nse to COg, the rate of 
formation of which was measured The total 
amount of CO, formed suggested that only one 
stereoisomer was decarboxylated For instance, m 
one experiment with 0 8 g of guinea pig kidney the 
reaction had come to a standstill after 46 6 id of 
COj had been formed fi:om 04ml ofOOlMDLo 
hydroxyphenylalanme added This corresponds to 
a formation of 0 51 mol CO,/l 0 mol dl ammo 
acid In view of what is known of Phe steyeo 
specificity of DOPA decarboxylase (Holtz, Heise & 
Ludtke, 1938, Blaschko, 1942, Blaschko, Holton A 
Sloane Stanley, 1949) it seems safe to assume that 
it 18 the L-isomer of o-hydroxyphenylalanme which 
IS decarboxylated 

The rate of decarboxylation of o-hydroxyphenyl 
alanme is a httle slower than that of 3 4 dihydroxy 
phenylalamne The rates of formation of CO, from 
o-hydroxyphenylalamne, 3 4 dihydroxyphenylala 
nine and m-hydroxyphenylalanme were compared, 
m one experiment gumea pig kidney extract was 
used, m the second rat hver extract Each flask 
contamed 0 4 ml of 0 02 m-dl a mm o acid, the 
total volume was 2 ml Durmg the first experiment 
m which each flask contamed extract from 0 16 g 
of gumea pig kidney, the amounts of CO, formed m 
the first 6 mm were 

With 3 4-dihydroxyphenylalanme 43 

With o hydroxyphenylalanme 32 

With m hydroxyphenylalanme 36 

In the second experiment, with extract from 
0 8 g of rat hver, the corresponding figures for CO, 
formation were 



gL 

With 3 4 dihydroxyphenylalanme 

62 

With 0 hydroxyphenylalanme 

40 

With m hydroxyphenylalanme 

60 

different experiments the relative 

rates of de 


carboxylation have differed shghtly, but the rate 
with 3 4 dihydroxyphenylalanme as substrate was 
always shghtly greater than with either o- or nt 
hydroxyphenylalanme 

DOPA decarboxylase is the catalyst responsible 
for the decarboxylation of m-hydroxyphenyl- 
alanme (Blaschko et al 1949), the experiments 
described above suggested that o hydroxyphenyl 
alanme was another substrate of the same enzyme 
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This was confirmed m a substrate competition, 
experiment the mitial rate of CO 2 formation m the 
presence of both 0 - and m-hydroxyphenylalanme 
was about the same as with either substrate alone 
With the extract firom 0 16 g of gmnea pig kidney 
the amounts of COg formed m the first 9 mm were 

With 0 008 M-m hydroxyphenylalamne 28 6 

With 0 008 m 0 hydroxyphenylalamne 36 

With both ammo acids 31 

(b) Enzymic oxidation of o -hydroxy phenyl- 
alanine. 

An extract of pig kidney powder consumed Oj m 
the presence of DL-o-hydroxyphenylalamne This is 
taken as an mdication that n o-hydroxyphenyl- 
alanme is a substrate of n-ammo acid oxidase The 
rate of oxidation of o-hydroxypbenylfl’lftnrne was 
compared with those of m-hydroxyphenylalanme 
and methionme, the imtial concentrations of the 
anuno-acids were 0 03 m The amounts of Oj con- 
sumed m the first 12 mm were 

/d 

With DL-o hydroxyphenylalamne 8 

With DL m hydroxyphenylalamne 16 

With DL methionme 198 

0 Hydroxyphenylalamne is also a substrate of the 

li ammo-acid oxidase of cobra venom The rates of 
Oj uptake with the same three ammo-acids have 
been compared m an experiment m which each 
flask contamed 1 2 mg of cobra venom , the initial 
ammo-acid concentrations were 0 028 m The Og 
uptakes durmg the first 1 6 mm of the reaction were 


/d 


With DL 0 hydroxyphenylalarurie 

10 

With DL-m-hydroxyphenylalanine 

64 

With DL methionme 

90 

DISCUSSION 



Metabolism of o-hydroxyphenylalanine 

DL o-Hydroxyphenylalanme was first synthesized 
by Blum (1908), who showed that, hke m-hydroxy- 
phenylalanme, it did not give rise to homogentisio 
acid m human alcaptonuna He found that m a 
normal subject about one third of a dose of 6 g 
was excreted as o hydroxyphenylacetic acid m the 
urme o-Hydroxyphenylacetic acid was also found 
m the urme of rabbits after feeding either o- 
hydroxyphenylalanme or o-hydroxyphenylpyruvic 
acid (Flatow, 1910) Subsequently the experiments 
of Blum (1908) and Flatow (1910) were often quoted 
as proof for Neubauer’s scheme of degradation of 
ammo acids by oxidative deammation Tie results 
described m the experimental part of this paper can 

j considered as givmg support to this scheme The 


two stereoisomers of 0 -hydroxyphenylalamne were 
fotmd to be substrates of ammo -acid oxidases, and 
it therefore seems lilcely that o-hydroxyphenyl- 
acetic acid can arise from the DL-ammo-acid via 
o-hydroxyphenylpyruvic acid 

The present findings make it necessary, however, 
to consider another possible pathway of degra- 
dation of o hydroxyphenylalamne, which would 
also lead to o -hydroxyphenylacetic acid This 
pathway leads from l o hydroxyphenylalanme via 
o-hydroxyphenylethylonune and o-hydroxyphenyl- 
acetaldehyde to o-hydroxyphenylacetic acid The 
first of these steps is the decarboxylation reaction 
described m the first part of this paper, the second 
step 18 the oxidation of o-hydroxyphenylethylamme 
by amme oxidase, a reaction described by Randall 
(1946) The oxidation of the aldehyde formed m the 
oxidative deammation of o-hydroxyphenylethyl- 
amme to the correspondmg acid — o-hydroxy- 
phenylacetic acid — IS parallel to the breakdown of 
closely related substances The fate of o-hydroxy- 
phenylethylamme considered m tins scheme is in 
fact similar to that of tyramme Ewins & Laidlaw 
(1910) have shown that tyramme is excreted as p- 
hydroxyphenylacetic acid m the dog, and that the 
same end product is found when the hvers of cats 
and rabbits are perfused with tyramme These 
observations found their explanation m the dis- 
covery of amme oxidase (Hare, 1928, Bemheun, 
1931) 

It IS not known to what extent these two path- 
ways contribute to the formation of o-hydroxy- 
phenylacetic acid from o -hydroxyphenylalanme The 
same is true for the breakdown of m-hydroxyphenyl- 
alamne m-hydroxyphenylacetic acid is found m the 
urme when rH-hydroxyphenylalanme is fed (Blum, 
1908, Flatow, 1910), m-hydroxyphenylalamue is 
also a substrate of ammo acid oxidases as well as 
of DOPA decarboxylase (Blaschko et al 1949) 

Subslrate specificity of DOPA ^ 
decarboxylase 

The substrate specificity of DOPA decarboxylase 
can now be more precisely defined It has been 
shown that the presence of two pheDohc hydroxyl 
groups IS not required, the presence of one such 
group 18 essential However, the position of this 
group m relation to the side cham is of importance , 
a hydroxyl group m the para position to the side 
cham IS not sufficient, but the presence of a hydroxyl 
group m either the meta or m the ortho position is 
sufficient 

A similar study of substrate specificity has been 
earned out m this laboratory for the L-tyrosme 
^carboxylase of Streptococcus faecalis R (Sloane 
St^ey, 1949) This en 2 yme has a completely 
different pattern of affimties, it has a marked 
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preference for tyrosine, it acts less readily on 
wi-hydroxyphenylalamne and has practically no 
affinity for o-hydroxyphenylalamne 

The bacterial and the mammahan enzyme are 
closely related, both are pyridoxalphosphate- 
pro terns (Gunsalus, Bellamy & Umbreit, 1944, 
Gale, 1946, Green, Lelorr & Nocito, 1946, Blaachko, 
Carter, O’Brien & Sloane Stanley, 1948) Then* 
different affimties for tyrosme and its two isomers 
must, therefore, be due to structural differences of 
the enzyme proteins The observations reported 
here show that the position of the phenohc hydroxyl 
group IS one of the factors which govern the enz 5 rme- 
substrate relationships of the two decarboxylases 


SUMMARY 

1 Extracts of rat hver and gmnea pig kidney 
form carbon dioxide when mcubated sinaerobically 
with o-hydroxyphenylalanme, it is suggested that 
li o-hydroxyphenylalanme is a substrate of DOPA 
decarboxylase 

2 o-Hydroxyphenylalanme is a substrate of the 
D-ammo-acid oxidase of pig kidney 

3 o-Hydroxyphenylalanme is a substrate of the 
L ammo acid oxidase of cobra venom 

The author is grateful to Miss Pamela F Kordik for 
techmcal assistance 
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Reducing -group Production from Starch by the Action of a- and 
jS-Amylases of Barley Malt. Activity of a- and Amylases 

By I A PREECE and M SHADAI^SHARASWAMY 
Chemistry Department, Henot-Watt College, Edinburgh 


[Received 19 

Recent proposals for the determmation of a amylase 
of barley malt (Graesser & Dax, 1946, Preece, 1947, 
1948) mvolve differential heat mactivation at 70° 
m the presence of calcium ions, followed by stan- 
dardized conversion of a soluble starch substrate 
(American Society of Brewmg Chemists, 1944, 
Institute of Brewmg, 1933), with determmation of 
reducmg groups by femcyamde titration or by 
Fehlmg’s titration respectively Thus, /S-amylase is 
heat-mactivated and the observed saccharification 
of the starch is brought about by a-amylase alone 
(cf ISneen, Sandstedt & Hollenbeck, 1943) Total 
saccharification by the jomt action of the a- and 
P amylases present m the malt bemg readily deter- 
mmed as a measure of diastatic power by a s imil ar 
method with the heat mactivation omitted, sac- 
charification by jS-amylase should be obtamable by 
difference 


Jtdy 1948) 

These proposals mvolve a number of assumptions 
Thus, it 18 necessary to be able to work under such 
conditions for starch conversion that the production 
of feducmg groups shows a Imear relationship with 
enzyme concentration and -with duration of action, 
and also to know that the reactions of the two 
components are, m fact, truly additive m the 
reaction range used The published data relatmg to 
these pomts have been developed under a wi e 
variety of experimental conditions Thus, of the 
more recent work, ITneen & Sandstedt (1941), usmS 
2 % (w/v) soluble starch solution for hydrolysis at 
30°, findlmearity between enzyme concentration an 
reducmg-group production (femcyamde metho 
up to 40 % hydrolysis for the jomt action of the two 
enzymes, and up to 30% for p amylase alone, or 

a-amylase theyfoundnoregionofhnearity Furt ler, 

it was shown that, under the experimental con 
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tions used, sacclianfication by tbe two componeiits 
was additive for a wide range of ratios of fi- to a- 
amylase saccharogenio activity, deviating sbgbtly, 
however, when this ratio was less than 2 CIbub 
(1947), on tbe other hand, investigatmg ^-amylase 
activity at pH 6 6 and various temperatures, with 
20 % maize starch paste as substrate, found 
reducmg-group production (femoyamde cenc sul- 
phate titration) to be a zero -order reaction up to 
18% conversion Freeman & Hopkins (1936), at 
26°, pH 4 6, and with 2 % (w/v) soluble starch solu- 
tion, found that with low concentrations of the two 
enzymes saccharification (lodometrie titration) was 
ad(htive, though with higher concentrations of ^- 
amylase the observed saccharification might exceed 


filtered off and discarded, and the concentration of ethanol 
in the filtrate adjusted to 80% (v/v) The precipitate, 
taken to dryness in the usual way and tested by the 
method of Preece (1947), proved to contain not more a 
amylase than would produce 1/760 of the sacchanfioation 
due to j8 amylase (Table 1) 

Table 1 Effect of nimntaming solutions of a- and 
^-amylases at 70° presence of Ca++ 

(Samples of the enzyme solutions were allowed to act on 
1 % (w/v) soluble starch solution at 21° and pH 4 6 for 
30 mm ) 

Time of Beduemg group production 

mamtenance (calculated as mg maltose) 

at 70° , * > 

(mm ) a Amylase )3 Amylase 


that calculated from the two component rates 
Although there is thus some agreement that an 
additive reaction is, m general, concerned — at least 
when the total hydrolysis achieved is not great — 
the data quoted do not afford a precise gmde to 
conditions operatmg m the widely used standard 
methods for diastatic power determmation of the 
Institute of Brewung (1933) and of the American 
Society of Brewmg Clliemists (1944) and m the 
proposed modification for determmation of the 
individual enzymes Accordmgly, the problem has 
been remvestigated usmg 2 % and 1 % (w/v) soluble 
starch substrates at 21° and pH 4 8, ais a necessary 
prehmmary to a more extended study of the jomt 
action of the two enzymes 

EXPERIMENTAL 

Reducing group determination In a modification of the 
Hagedom Jensen method, femeyamde carbonate reagent 
was used under conditions similar to those described by 
Lampitt, Puller, Gloldenberg A Green (1947), but with the 
range mcreased to determme a maximum of 18 mg of 
reduemg groups, calculated as anhydrous maltose Thus, 
the femeyamde reagent contamed 33 0 g KjFe(CN)j/ 
600 ml , and tbe carbonate 42 4 g anhydrons NajOOj/ 
600 ml For titration, 0 026 n Na^SjOj was used, and the 
other reagents and tbe general conditions of working were as 
described by Lampitt et al (1947) Standardized agamst a 
sample of maltose of known purity, under conditions of salt 
concentration identical with those encountered m the 
starch conversions, a linear relationship holds between 
maltose concentration and thiosulphate titration figures, 
1 ml 0 01 N thiosulphate is eqmvalent to 0 368 mg of 
maltose, a figure diffenng materially &om that of Lampitt 
et al ( 1947), but agreemg with that of the American Society 
of Brewing Chenusts’ method (1944), m which the relative 
proportions of femeyamde, carbonate, and reducing groups 
dunng the reaction are substantially the same as those now 
used , 

P Amylase preparation In a modification of the method 
of Hopkms, Murray L Lockwood (1946), ground barley 
was extracted inth 2 6 times its weight of 20% (v/v) 
ethanol for 30 mm with stimng, the mixture filtered 
sud the concentration of ethanol adjusted to 60% (v/v) 
After aUo\vmg to stand for 18 hr the precipitate was 


0 

295 8 

296 7 

15 

280 7 

04 

30 

268 1 

04 

45 

237 6 

04 


a Amylase preparation For this preparation a barley 
malt was used which had been specially dried at a tempera 
ture not exceeding 46° The ground malt was extracted 
for 3 hr with 20% (v/v) ethanol, and the filtrate 
adjusted to an ethanol concentration of 60% (v/v) The 
separated precipitate was taken to dryness to remove 
ethanol, redissolved in water and, after adding 0 2 g 
calcium acetate/100 ml , mamtamed at 70° for 16 min 
After coohng and removal of coagulated matenal, the a- 
amylase was reprecipitated and taken to dryness jS- 
Amylase activity could not be detected in such preparations 
(Table 1) 

Soluble starch substrate The sample of soluble starch used 
contamed 0 6 % of reduemg groups (os maltose) , solutions 
were prepared containmg (o) 1 111 g (dry substance)/ 
100 ml , or (6) 2 222 g /lOO nil , acetate buffer bemg added 
m each case to give a pH value of 4 6 Solutions were 
adjusted before use to 21° 

Starch conversions Conversious of both 1 and 2 % (w/v) 
starch solutions were earned out, 90 mL of the bulk solution 
bemg used in each case The umt of enzyme activity chosen 
was that amount of enzyme preparation which would 
produce m 16 mm rednoing groups eqmvalent to 12 6 mg 
of maltose fix)m 1 g of soluble starch in a total vol of 
100 ml at pH 4 6 and 21° The weights of the ixutial a and 
j3 amylase preparations containing 1 umt of activity were 
0 8 and 0 2 mg respectively Later preparations were 
somewhat more active The umt concentrations are sym 
bohzed as la and 1/3 respectively, and the approximate 
relative concentrations used are shown m Tables 2 and 3 
Samples of solutions coutaining the appropriate amounts 
of enzyme, previously adjusted to 21°, were added to 90 ml 
portions of the starch solution, and the total volume m each 
case adjusted to 100 ml At appropriate intervals, samples 
of the conversions were pipetted mto sufficient aqueous 
NaOH to give a total volume of 10 mL at pH 10 6-11, 
reducing group determmations were then earned out 

RESULTS 

Results m Tables 2 and 3, which are corrected for 
reduction due to the starch itself and to the enzyme 
solution, are expressed m terms of theoretical 
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Table 2 Liberation of reducing groups in \ % (wjv) soluble starch solution 
by varying proportions of a- andjor /3 amylase 

(Temp , 21"°, pH, 4 6 , results expressed as percentage of theoretical maltose ) 


Approximate relative Reaction time ( min ) 

concentration of r- 


enzymes 

16 

30 

46 

60 

120 

180 

la 

12 

24 

33 

43 

8 1 

114 

2 a ' 

22 

42 

6 1 

78 

13 8 

19 6 

3a 

37 

6 8 

10 2 

13 6 

21 1 

29 0 

4a 

49 

9 6 

13 8 

18 0 

30 1 

34 2 

6 a 

60 

11 7 

16 6 

19 1 

312 

36 2 

1(3 

1 3 

2 6 

36 

47 

88 

12 4 

2J3 

26 

62 

7 8 

10 4 

18 8 

26 3 

3J3 

42 

8 1 

11 9 

16 6 

26 4 

314 

4)3 

66 

10 8 

16 6 

20 3 

32 7 

39 6 

5p 

7 0 

13 8 

19 3 

. 242 

36 2 

41 6 

la+4j9 Oba 

68 

121 

19 1 

247 

43 7 

651 

Calc 

68 

13 2 

18 9 

246 

40 8 

61 0 

2a. + 3p Obs 

63 

12 4 

18 0 

22 4 

39 6 

612 

Calc 

64 

12 3 

18 0 

23 3 

402 

60 9 

3a 2)3 Obs 

63 

12 8 

18 4 

240 

40 0 

60 0 

Calc 

63 

12 0 

18 0 

240 

39 9 

643 

4a + 1/5 Obs 

62 

13 1 

18 0 

22 8 

37 6 

464 

Calc 

62 

12 0 

17 4 

22 7 

38 9 

46 6 


Ohs = observed. Calc = calculated 


Table 3 Liberation of reducing groups in 2% {wjv) soluble starch solution 
by varying proportions of a- andjor /3 amylase 


(Temp , 21°, pH, 4 6 , results expressed as percentage of theoretical maltose ) 

Approximate relative Reaction tune (mm ) 

concentration of , ^ 


enzymes 

16 

30 

46 

60 

120 

180 

la 

07 

13 

1 9 

24 

46 

62 

2 a 

1 3 

27 

40 

64 

9 8 

14 3 

3a 

2 1 

40 

68 

7 3 

12 8 

19 0 

4a 

26 . 

47 

69 

96 

18 1 

247 

6 a 

32 

65 

91 

11 7 

22 4 

29 2 


08 

1 6 

22 

29 

68 

86 

2/3 

1 6 

32 

46 

62 

11 6 

16 6 

3/3 

24 

49 

74 

96 

17 3 

242 

4/3 

30 

69 

87 

11 4 

20 1 

26 8 

6 ^ 

42 

8 1 

117 

16 2 

27 6 

36 2 

la + 4/3 Obs 

36 

7 2 

10 4 

13 0 

244 

31 8 

Calc 

3 7 

72 

10 6 

13 8 

246 

33 0 

2a + 3p Obs 

37 

77 

10 8 

13 5 

26 6 

344 

Calc 

37 

7 6 

114 

14 9 

27 1 

38 6 

3a + 2p Obs 

3 8 

74 

10 4 

12 7 

26 1 

31 6 

Calc 

37 

72 

10 4 

13 6 

24 4 

36 6 

4a + 1/3 Obs 

32 

65 

97 

12 6 

22 7 

30 0 

Calc 

34 

62 

9 1 

12 4 

23 9 

33 2 


Ohs = observed. Calc = calculated 


maltose, 1 e reduomg groups calculated as maltose 
are returned as a percentage of the maltose theoreti- 
cally obtamable by complete hydrolysis of the 
starch, it bemg assumed that 1 g of starch would 
yield 1 066 g of maltose Direct comparison is 
possible of pairs of results (observed and calculated) 
bracketed together at the foot of each table, as the 


three determmations involved were performed simul- 
taneously and using the same preparations of 
enzyme solutions Direct comparison between 


results with other proportionate enzyme concen 
trations is less exact, as this mvolves comparison 
of enzyme solutions necessarily prepared on different 
occasions 

DISCUSSION 

Exammation of the results given m Tables 2 and 3 
" mdicates that, under the conditions used, a linear 

relationship between reducmg-groiJp production an 

tune of reaction persists for ^-amylase up to t le 
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production of approximately 15% of theoretical 
maltose This accords closely with the observation 
of Claus (1947), but is substantially lower than the 
limit of 30% given by Kneen & Sandstedt (1941) 
for Imeanty between reducmg-group production 
and enzyme concentration, for the latter relation- 
ship, however, the present results give hnearity 
up to approximately 26% suggestmg, durmg the 
hydrolysis, a faUmg off m enzyme activity propor- 
tional to enzyme concentration Hence, comparison 
of two j3 amylase solutions givmg conversions m 
the range 16-26 %, wbde allowmg correct relative 
results, will tend to give absolute results which are 
somewhat lower than the true values 

With a-amylase the relationships are less simple 
Thus it may be agreed that true hnearity with tune 
does not occur However, so long as the reaction 
time does not exceed 30— 46mm , the departure from 
hnearity up to 10 % conversion is so small that very 
useful comparative meapsurements can be made m 
this range, m practice, little error is mcurred if 
Imeanty is assumed up to 16 % With a-, as with 
amylase, proportionahty between enz 3 une concen- 
tration and reducmg-group production holds with 
considerable accuracy up to 26 % hydrolysis Thus, 
for comparison of the activities of two a amylase 
solutions, conversions up to 26 % may be employed, 
though for mdividual measurements for routme 
purposes a limit of 10-16 % should not be exceeded 
For jomt action, hneanty up to 40 % hydrolysis 
is usually assumed (Kjeldahl’s law), but this as- 
sumption IS not justified with the present methods 
For the present results, proportionahty between 
reducmg group production and time ceases m the 
range 20-26% hydrolysis for the whole senes of 
j3 a ratios employed and for both 1 % (w/v) and 
2% (w/v) soluble starch substrate On the other 
hand, the additive relation m jomt action can only 
thus be stated m simple terms reducmg group pro- 
duction by a and ^-amylases actmg together is 
truly additive durmg the Imear phase of j omt action 
When hneanty is departed from, an additive rela- 
tion may persist, dependmg inter alia on substrate 
concentration and the j3 a ratio Thus, with 1 % 
(w/v) soluble starch, a § a ratio of 4 1 gives addi- 
tive hydrolysis up to 26 % theoretical maltose pro- 
duction , thereafter m the range studied the observed 
hydrol 3 ^is exceeds that calculated as the sum of 
mdividual actions W ith a- and ^-amylase concen- 
trations of smular reducmg group -producmg poten- 
tiahties, the jomt action is still additive at 40-60 % 
hydrolysis With a |S a ratio of 1 4, there is a 
tendency for the observed hydrolysis beyond 26 % 
to be somewhat below that calculated, a tendency 
which IS seen with aU the mvestigated ratios usmg 
~ % (w/v) soluble starch substrate 
Tlierefore, if the described femcyamde techmque 
13 used for amjdase determmation, hydrolyses m 
Biochem 1949, 44 


a period preferably not greater than 30 min and 
not exceedmg 16, 10—16 and 20—26 %, production of 
theoretical maltose should beemployedfor ^-, a-, and 
joint action respectively Apphed to brewery^ malt 
extracts, m wluch the )3 a ratio is usually approx 
4 1 (Preece, 1947), determmation of a amylase 
activity and jomt action (diastatic power) withm 
the prescribed limits allows )S-amylase activity to 
be obtamed by difference It would appear that, 
imder the conditions described, a- and ^-amylases 
function qmte mdependently of one another 

It has recently been claimed by Blom & Hosted 
(1947) that the use of the femcyamde method for 
determmmg reducing groups m solutions containing 
starch-conversion products tends to give high re- 
sults as compared with copper -reduction methods 
Tlius, a solution which gave 42 0 % theoretical 
maltose by femcyamde reduction gave 34 9 % with 
copper tartrate reagent (Fehlmg’s solution), the 
surprisingly large discrepancy is probably due to a 
partial Oxidative rupture of glucosidic bonds m 
ohgosaccharides and polysaccharides In view of the 
mcreasmgly widespread use of modifications of the 
Hagedom-Jensen method, because of its simpli- 
city of operation and the high reproducibdity of 
results, it is clearly important to know whether the 
suggested oxidative disruption of glucosidic link- 
ages mditates against obtammg accurate measure- 
ments However, the method has been used with 
success by the American Society of Brewmg 
Chemists (1944), results of diastatic power deter- 
mmation bemg returned as ‘maltose eqmvalent ’ or, 
after dividmg this figure by 4, as ‘ degrees Lmtner ’ , 
the same diiusor is employed when Fehhng’s solu- 
tion 18 used for reducmg-group determmation, and 
it must be remembered that the defimtion of 
‘degrees Lmtner ’ depends fundamentally on the use 
of Fehhng’s solution Whether a figure somewhat 
greater than 4 should be taken as divisor foil owing 
the use of femcyamde is at present under mvesti- 
gation, but apart from this possible objection there 
18 httle doubt of the superiority of the femcyamde 
method for this type of work, the end pomt is 
sharper than with Fehhng’s solution (especially for 
a-amylase conversions), and no difficulties arise m 
carrymg out enzyme and substrate blanks 

STIMkIARY 

1 Hsmg 1 % (w/v) or 2 % (w/v) soluble starch as 
substrate at pH 4 6 and 21°, reducmg-group pro- 
duction (assessed by femcyamde titration) by ^- 
amydase shows a hnear relationship with tune up to 
15 % hydrolysis, and by the jomt action of and 
a amylase a similar relationship up to 20-26 % 
hy^olysis With a amylase alone true Imeanty is 
ackmg, but departure from hneanty up to 10-16 °/ 
hydrolysis is shght 


18 
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2 With /3 a ratios varying from 4 1 to 1 4, the 
action of the two enzymes is truly additive up to 
20-26 % hydrolysis , beyond this pomt it may be 
equal to, greater than or less than the sum of 
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mdividual actions, dependmg on substrate condi- 
tions 

3 The significance of these facts m the assess 
ment of amylolytic activity is discussed 
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Changes in the Extracellular and Intracellular Fluid Phases of Muscle 
During Starvation and Dehydration in Adult Rats 

By S E DICKER (Beit Memorial Fellow), Department of Pharmacology, Umverstty of Bristol 

(Received 28 July 1948) 


It has been shown m a previous paper (Dicker, 
1948) that rats fed on a protem deficient diet 
develop tissue oedema very rapidly, 1 e the extra- 
cellular flmd phase of muscle and hver, as estimated 
m terms of chloride space, mcreases Tlie oedema 
starts at a tune when the plasma protem concen- 
tration and the plasma colloid osmotic pressure are 
still normal It seemed, therefore, of mterest to 
mvehtigate changes m the extracellular flmd phase 
of muscle m rats undergomg mamtion or dehydra 
tion over short periods m wluch the pleisma protem 
concentration was not decreased 

METHODS 

Experimental animals Adult male and female albmo rats 
were used, of body wt 260-320 g 

Diet Some weeks before the experiment the ammals 
were fed on a commercially prepared diet containing wheat 
offal 17 7, ground barley 8 8, white fish meal 4 6, meat and 
bone meal 8 8, dried skimmed milk 14 0, dried yeast 1 2, 
salt 0 4, and cod hver oil 0 4% The total N content of the 
diet amounted to 3 26%, and its water content to 10 5% 
The mineral content by analysis was 0 344 g Cl, 0 210 g 
Na, 4 100 g K/lOO g and the calorific value 306 0 cal / 
100 g Durmg the period of experimentation the same type 
of food, but completely dehydrated, was given to one senes 
of rats 

Analytical procedures The foUowmg data were deter 
mmed m each rat (a) the content of water, chlonde, 
sodium, potassium and mtrogen of heparinized plasma (m 
some cases, the urea concentration of plasma was also 


estimated) , (6) the content of water, chlonde, sodium and 
potassium of muscle samples (the muscle used was the 
rectus abdomuus) , (c) the concentration of Cl”, Na, K and h 
m the unne, urea and NH3 m the unne were estimated m 
some cases 

Water content. Cl", Na and K concentrations were 
estimated m tissue and plasma samples, m the same manner 
and by the same methods as desenbed m a previous com 
mumcation (Dicker, 1948) Urea m plasma was estimated 
colonmetncally accordmg to the method of Lee & W iddowson 
(1937), and the N content of plasma was detenmned by a 
micro Kjeldahl method 

In the unne. Cl” was estimated accordmg to Volhard 
(1878), and Na and K by the method of McCance & Shipp 
(1933) NHj was adsorbed on permutit and estimated after 
nesslenzation (Fohn & Bell, 1917), and the urea determina 
tion followed the method of Scott (1940) The specific 
gravity of unne was determmed m the apparatus 0 
Heller (1940), usmg a mixture of carbon tetraohlonde and 
hght petroleum All data for muscle are expressed per 
100 g fat-firee tissue (see Hastmgs & Eiohelberger, 1937) 

Estimation of the extracellular and intracelliilar fluid phases 
of muscle The extraceUular and mtraceUular flmd phase^^ 
muscle were calculated on the assumption that all the Cl 
18 extraceUular, and that its concentration is that of an 
ultrafiltrate of serum (Fulton, 1947) The volume of the 
extraceUular fluid phase was determmed by calculation 
(Hastmgs L Eichelberger, 1937) 

The amount of potassium m the mtraceUular fluid p nse 
was calculated as foUows 

m eqmv mtraceUular K/kg mu8ole=(K)jf-(H20)/'X(K)/’, 
where (K)j/=m eqmv K/kg muscle, (K)/-=m cqmv 


■X 
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K/kg extracellular water =0 96 x (K)„ where (K),=bi- 
equiv K/kg plasma water, (H,0)j=g extracellular water/ 
kg muscle =0 99 x1', where F = extracellular fluid phase as 
calculated from the chloride space The amount of Na in 
the mtracellular flmd phase was similarly calculated 
(Fulton, 1947) 

Response io water admintstration (water dxuresis) Starved 
and dehydrated rats were given an amount of water equal 
to 6 % of them body wt by stomach tube, and their urmary 
excretion was compared with that of normal rats, The 
evening before the tests the normal rats were deprived of 
food and water Urme was collected m graduated cyhndef s , 
the urmary volumes were recorded at 16 mm mtervals and 
expressed as percentages of the amount of water ad- 
ministered The urme coUeotion was continued over a 
penod of 2 hr 

General procedure Two senes of rats were mvestigated 

(а) rats fed on a dry diet, without any supply of water, 

(б) rats which were allowed a free supply of water, but no 
food No experiment lasted more than 6 days Durmg the 
penod of observation rats were kept m individual meta- 
bolism cages Urme was collected under parafldn, and the 
contammation of urme by faeces was avoided by usmg glass 
separators At the end of the penod of observation, the 
ammals were either kdled under ether anaesthesia, and 
blood and tissue samples were taken and analyzed, or they 
were given a standard amount of water to drmk and kdled 
after them water diuresis had been followed for 2 hr 

Stat^lwil treatment Results are given as means and 
standard error Student’s ‘t’ test (Fisher, 1944) for small 
samples was used for estimating the significance of means 
The probabdity P for t was obtamed from the Tables of 
Fisher & Yates (1943) 

RESULTS 

Rats vnthmit food, but vnthfree access 
to water 

The mtake of water and the urinary excretion "were 
measured daily The amount of water drunk varied 
from day to day and from animal to animal, but m 
spite of important mdividual variations (Tables 1 
and 3), at the end of the 6 days of observation, the 


average amount of water drunk over 24 lir had 
fallen from 4 6 ml /lOO g body weight m the controls 
to 3 3 ml /lOO g body weight This findmg agrees 
with that of Adolph (1947) 

Table 1 shows a typical experiment on two rats 
starved for 6 days It will be noted that the amounts 
of water drunk and the amoimts of urme excreted 
were not only irregular, but did not seem to bear 
any relation to each other It will also be noted that 
m spite of the water dnmk, the urme remamed more 
concentrated than in the controls where the sp gr 
was found to be 1 017 + 0 0016 (Heller, 1949) 
Towards the end of the experiment there was a fall 
in the urmary concentration of sodium, clilonde and 
potassium, but not m that of mtrogen 

After 3 days without food, but with free access 
to water, the plasma protem concentration and 
plasma water content, as well as the concentration 
of chloride, sodium, and potassium m plasma, 
were comparable with those of controls The 
total muscle water content was normal, but 
the concentrations of chloride and sodium m 
muscle were mcreased (?=:4 761, P<0 001 and 
f = 2 020, P < 0 1 > 0 06 respectively) , this resulted 
m an mcreeise of the extracellular flmd phase, it 
amounted to 20 3 ± 1 41 ml /lOO g fat-free tissue, 
as compared with 16 7 ± 0 60 ml /lOO g m controls 
(i = 2 978, P<0 01) Chloride and sodium space, 
however, remamed comparable m size (? = 0 685, 
P>0 5), as m normal animals Concurrent with 
the mcrease of the extracellular flmd phase of 
muscle, there was a decrease of the mtracellular flmd 
phase (t=2 403, P< 0 06), though its concentration 
of water remamed unchanged (Table 2) 

After 6 days with water, but without food, the 
plasma concentrations of proteins, chloride, and 
sodium were still m the normal range (Table 2), 
but there was an mcrease m the plasma concen- 
tration of potassium as compared with that of 


Table 1 The effect of mthdrawing food from rats with free access to water 
on body weight and volume and composition of urine 

Water Unne 


Rat 


Wt of 

drunk 

excreted 



Unne 

Day 

rat 

(mk/lOO g,/ 

(mk/lOO g / 

Urme 


no 

(g) 

24 hr) 

24 br) 

(spgr) 

ci- 

Na 

23 

1 

272 








2 

o 

268 

2 61 

1 86 

1 049 

0 290 

0 160 


6 

246 

0 00 

2 00 

1 047 

0 272 

0 131 


4 

6 

231 

228 

3 00 

4 02 

216 

1 91 

1 046 

1 040 

0 187 

0 049 

0 110 
0 043 

24 

U 

7 

220 

210 

6 46 

2 86 

2 70 

162 

1040 

1 038 

0 046 

0 101 

0 045 
0 079 

1 

355 







2 

3 

4 

5 

0 

7 

340 

316 

297 

286 

262 

246 

0 88 

000 

1 68 

1 71 

1 14 

0 81 

176 

2 06 

1 09 

2 46 

3 00 

2 98 

1 066 
1067 

1 061 

1 046 
1049 
1043 

0 309 

0 266 

0 320 

0 129 

0 142 

0 187 

0 196 
0 168 
0 126 
0 122 
0114 
0100 


K 

1 056 
1 006 
1 420 

0 900 

1 100 

0 718 

1 030 
1230 
1 600 
1 520 
0 940 
0 703 


N 

0 65 
0 66 
0 76 

064 
0 69 

0 80 
064 

0 77 

1 25 
0 82 
0 63 

18 2 
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controls (t=2 046, P = 0 06) The total amount of 
muscle water was not significemtly different from 
that of normal animals, but the extracellular flmd 
phase, expressed m terms of chloride space, was 
markedly mcreased, it amounted to 22 3 ± 3 40 
ml /1 00 g fat-free tissue instead of 16 7 ml /lOO g 
m controls In contrast with normal rats, m which 
chlonde and sodium occupied a compeuabie space 
(Dicker, 1948), the sodium space m this series of 
rats was greater than that of chlonde (f=2 028, 
P<0 1>0 05), indicatmg that sodium had pene- 
trated mto the muscle cells The amount of muscle 
potassium decreased significantly as compared with 
controls (^=3 023, P<0 01) 

There was thus clear evidence of tissue oedema m 
the starved rats with access to water It wiU be 
noted, however, that the standard error of the 
calculated mean value for the extracellular fluid 
phase was much greater than that of controls 
(Table 2) the coefficient of vanation of the extra- 
cellular fluid phase m the senes of rats starved for 
6 days amounted to 62 8 ± 10 80 %, as compared 
with 160±2 04% m normal rats (standard error 


of difference = 3 44) This significant mcrease of the 
coefficient of variation was correlated with the 
vanabihty in the amount of w^ter drunk by these 
rats Table 3 shows changes m the body weight of 
two rats compared with the amount of water drunk 
and that of unne excreted per 100 g /24 hr dunng 
6 days of starvation It wuU be seen that the 
amounts of unne/lOO g body weight/24 hr were 
comparable, but that the amounts of water drunk 
were very different they averaged 3 1 ml /lOO g /24 
lir m one rat, and only 0 6 ml /lOO g /24 hr m the 
other This resulted m a discrepancy m the decrease 
of body weights The loss of body weight amounted 
to 24 8 and 33 0 % respectively Concurrently with 
the discrepancy m the water load, the plasma lomc 
concentration, the muscle water content and the 
extracellular flmd phases of these two rats were 
meirkedly different (Table 3) These differences 
suggested that there was a failure m the mechanism 
of water excretion Tp mvestigate this hypothesis, 
a standard amount of water was administered to 
rats winch, though starved, had free access to 
water Table 4 shows the renal response to water 


Table 3 The effect of withdravnng food from rats v/ifh free access to vxdcr 
on body weight, plasma and musdc composition 

(All values for muscle are espressed/lOO g fat-free tissue ) 

Muscle (mL/100 g ) 




Decrease 

Water 

Urme 

Plasma concentration 

1 

Extra- 

% 

Intra- 



in body 

drunk 

excreted 


(m-equiv [L ) 



cellular 

cellular 

Rat 


vrt 

(mL/100 g/ (ml /lOOg/ 


A 


Water 

fluid 

fluid 

no 

Day 

(%) 

24 hr) 

24 hr 

) 

ci- 

Na 

K 

content 

phase 

phase 

17 

1 

76 

Nil 

2 2] 









2 

66 

10 

1 8 









3 

60 

08 

2 3 









4 

60 

07 

20, 

- 

112 7 

146 6 

63 

76 6 

17 3 

68 3 


6 

7 0 

05 

27 









6 

66 

06 

23j 








18 

1 

82 

Nil 

22] 









2 

6 1 

3 0 

21 









3 

20 

39 

2 0 









4 

3 6 

5 6 

27 

- 

92 4 

130 0 

5 1 

77 0 

23 7 

63 3 


6 

30 

30 

16 









6 

30 

43 

21] 









Time 

after water 
administration 
(mm ) 

16 

30 

45 

to 

75 

00 

105 

120 


Table 4 Water diuresis in starved and dehydrated rats 
(Each dose of water was 6 % of the body wt and was administered by stomach tube 
output (% of admnuBtered dose) 


00 normal rats 
Nil 

1 9±0 50 
10 0±0 82 
22 4±1 64 
37 0±1 83 
52 4 ±2 00 
C9 4±l 81 
SI 9±0 94 


10 starved rats with water ad Itb 

t~ ' 

After 3 days 
Nil 


12 rats dehydrated for. 6 days 


After 6 days 
Nil 


First dose Second dose 
of water of water 

Nil Nil 


1 9±0 71 
7 4±2 59 
17 4±4 00 
29 0±7 02 
37 d±7 13 
4.< 0:^8 24 


6 4±1 31 
16 2i2 45 
221 ±3 65 
30 3±6 70 
37 6±7 09 


Third dose 
of water 

Nil 


8 0±2 63 
16 0±4 36 
19 0±5 02 
26 0±6 20 
30 0 ±7 67 



278 


S E DICKER 


administration m rats starved for 3 and 6 days after 
only 3 days of starvation, and m spite of the fact 
that the a nim als had water lih , there was a 
delay m the onset of the diuresis, and a very marked 
decrease of the urmary volume l^mety mmutes after 
water administration the amount of urme excreted 
amounted to 29 0 ± 7 02 % of the water given as 
compared with 62 4 + 2 00 % m controls (Table 4) 

This findmg and the fact that the samples of 
urme excreted durmg the penod of experimentation 
had a relatively high specific gravity (Table 1) 
suggest that the water retention, and hence the 
tissue oedema might be, directly or mdireetly, of 
renal ongm 

Rats fed on a dry diet, without access 
to water 

Durmg the first 24 hr the mtake of food was 
normal, i e between 16 and 20 g /ammal, 3ueldmg 
between 60 and 60 cal /day, which compared well 
With controls , but from the second day, the amount 
of food eaten fell sharply, and from the third 
to the sixth day all the animals refused to eat 
Durmg the last 2 days the rats became extremely 
nervous and restless, bitmg the wirmg of their cage 
and trymg to escape 
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The urmary volume excreted/24 hr decreased 
progressively from the first to the sixth day 
Table 6 shows a typical experuneut on two rats 
The analyses of the urme samples reported m 
Table 6 are those of the second, fourth and sixth 
days The most strikmg feature was the dis 
appearance of chloride m the urme, m spite of 
the fact that the specific gravity remamed high 
(Table 6) This disappearance of urmary chloride 
cannot be explamed by a decrease m the concen 
tration of plasma chloride (Table 6), nor is it the 
result of a failure m the abihty of the kidney to 
concentrate (Tables 6 and 6) However, from the 
fact that on the sixth day the concentrations of 
clilonde, sodium, potassium and urea were liigher 
m the plasma of these rats than m controls, it may 
be assumed that the glomerular filtration rate of 
the kidneys was decreased 

After 6 days without water, the plasma water 
content of rats amounted to 91 1 ± 0 10 % (Table 2), 
and their chloride, sodium and potassium concen 
trations were sigmfieantly higher than m controls 
(t=7 630, R<0 001, t = 2 037,R = 0 0daiidi = 6 738, 
P < 0 001, respectively) The total water content of 
muscles m this senes of tlurstmg rats amounted 
to 73 6 ml yiOO g fat-free tissue, winch was 


Table 6 Effects of withdraival of water on the composition of unne and plasma of rats 


(On the second, third and fourth days the urme was ooUeoted over a period of 24 hr ) 


Day of 


Vol 

a- 

Na 

K 

NH, 

observation 


(ml) 

(g /lOO ml ) 

(g /lOO ml 

) (g /lOO ml ) 

(g /lOO ml 




Male rat (imtial wt 

298 5 g , final wt 

260 0 g ) 

Second 

Urine 

6 66 

0 283 

0 332 

1 023 

0 889 

Fourth 

Urme 

2 90 

0 064 

0116 

1 421 

2 370 

Sixth 

Urme 

1 80 

0 011 

0 086 

1 691 

6 786 

Sixth 

Plasma 

— 

0 327 

0 318 

0 028 

— . 


Urea 

(g /lOO ml ) 


2 705 
9 360 
9 076 

0108 


Male rat (initial wt 272 6 g , final wt 190 0 


Second 

Urme 

46 

0 476 

Fourth 

Unne 

26 

0 429 

Sixth 

Urine 

25 

0 016 

Sixth 

Plasma 

— 

0 312 


0 290 

0 984 

1 036 

2 867 

0 447 

1 636 

1 580 

11476 

0 190 

1 787 

4 360 

8 326 

0 307 

0 030 

— 

0129 


Table 6 Effects of dehydration and of subsequent administration of water 
on the body weight and volume and composition of urine of rats 

(The rats were deprived of water from day 1 to day 6, and free access to water was allowed on day 7 ) 


Average 

body 

wt 

Average 
wt of 

Average 
vol of 
water 
drunk 



Urme 

K 



food 

eaten 

y "" 

Average vol 
excreted 


ca- 

Na 

K 

(g) 

(g) 

(ml ) 

(ml /24 hr ) 

Spgr 

(g/lOOml) 

(g /lOO ml ) 

(g /lOO ml ) 

200 

— 



— 







181 

19 0 

Nil 

88 

1 060 

0 390 

0 304 

0 749 

171 

66 


26 

1060 

0 224 

0 201 

0 800 

169 

164 

149 

164 

Nil 

ft 

26 

1 060 

0 171 

0103 

0 820 

ff 

ft 

I 2 

1 060 

0 046 

0 036 

0 944 

» 

ft 

08 

1 069 

0 043 

0 020 

0 713 


21 0 

36 

1 042 

0 021 

0 017 

0 720 
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significantly lower than that of controls (t=3 818, 
P<0 001) The loss of muscle water affected both 
the extracellular and the intracellular fluid phases, 
but not m the same manner In spite of an morease 
m its lomc concentration (Table 2), the extra- 
cellular flmd phase, expressed m terms of chloride 
space, decreased from an average of 16 7 to 
15 6 ml /lOO g fat free tissue (t=2 026, P<0 06) 
The hypertomcity of the extracellular flmd was 
checked by the concurrent loss of water from the 
mtracellular flmd phase, which fell from an average 
of 69 3 ml m control animals to 67 6 ml /lOO g fat 
free tissue (« = 2 016, P = 0 06) The magmtude of 
this water loss can be best estimated by comparmg 
the concentration of water of the mtracellular phase 
in the present series of rats with that of normal rats , 
in normal animals, the mtracellular water concen- 
tration amounted to 71 2 ml /IQO g but was only 
682 ml/100 g m dehydrated rats (i = 4 226, 
P < 0 001) The concentration of mtracellular potas- 
sium followed that of water and decreased from 
97 2 to 87 3 m-eqmv /kg muscle (Table 2) It is 
thus likely that while the extracellular flmd phase 
constituted the first hne of defence agamst dehy 
dration, mtracellular water must have been made 
available to avoid an mcrease m the lomc concen- 
tration of the body flmd which would have been 
fatal to the animal 

The extent of the state of dehydration m this 
senes of rats could be mdrrectly assessed by 
observmg the amount of water needed to mduce 
a water diuresis Table 4 shows that m a senes of 
12 rats, which had been dehydrated for 6 days, the 
administration of 6 % of then body weight of water 
failed to produce a water diuresis Three hours later 
a second administration of the same amount of 
vater also failed A third administration of the 
standard amount of water, however, produced a 
moderate urmary excretion 

This findmg led to the question Was aU that 
water (16% of then body weight) used to reduce 
the mcreased osmotic pressme of the body flmds, 
or was its retention m the tissues partly the result 
of the failure of the kidneys to excrete it ? In the 
followmg experiment a group of six rats, each 
weighmg about 200 g , was kept m a metabolism 
cage for 6 daj's Durmg the first 5 days they were 
given dry food but no water, on the sixth day food 
vas ivithheld but water allowed Durmg the first 
24 In of observation, they ate an average of 19 0 g 
of drj' food/rat, on the second day, the average 
quantity of food eaten amounted to 6 6 g only, 
from then on, all the animals refused to eat 
(Table 0) The inme was collected daily Table 6 
shows the a\ erage volume of unne excreted/24 hr / 
animal, its specific gramty and the concentration of 
chloride, sodium and potassium, it gives also the 
a\ erage amoimt of water drunk/rat durmg the last 


24 In In spite of an average amount of 21 0 ml 
bemg drunk (i-epresentmg 13 % of the body weight) 
the average urmary volume excreted did not exceed 
3 6 ml , 1 e 2 1 % of the body weight (Table 6) 
Furthermore, there were no signs of mcreased 
excretion of chloride, sodium or potassium The 
sudden mcrease of the average body weight mdi- 
cated clearly that most of the water drunk had been 
retamed by the tissues (Table 6) When killed, a 
gross post-mortem exammation showed that the 
mtestmal tract was oedematous, and that the 
muscles and hver were abnormally ‘ wet ’ 

Further mvestigations showed that the plasma 
water content and plasma protem concentration 
were normal (Table 2), but that the plasma concen- 
tration of clilonde and of sodium were significantly 
decreased when compared with normal {t = 2 060, 
P<0 05 and t = 2 988, P<0 01), while the plasma 
concentration of potassium had returned to normal 
values (Table 2) 

The total water content of hver and of muscle 
was markedly mcreased and exceeded significantly 
that of normal rats (i= 6 164,P<0 001and^=6 533, 
P < 0 001 ) Examinmg the partition of the water m 
muscle, it could be shown (Table 2) that the mcrease 
of the total muscle water was mainly the result of 
an mcrease of its extracellular flmd phase The mtra- 
cellular flmd phase, however, remamed comparable 
to that of dehydrated animals, though its concen- 
tration of water returned to normal values (Table 2) 
It can thus be concluded that the mcreased osmotic 
pressure of the body flmd m dehydrated rats was 
not the only factor opposmg further loss of body 
water, when these ammals were allowed water, the 
amount of water drunk exceeded that required to 
bring the enhanced lomc concentration back to 
normal values As this excess of water load was not 
excreted by the kidneys it resulted m a marked 
tissue oedema It is, therefore, likely that durmg 
dehydration of anunals the renal mechanism of water 
excretion mtervenes directly or mdirectly m the 
preservation of body water ' 

DISCUSSION 

In the two senes of rats mvestigated, those which 
were starved but had ample supphes of water, and 
those allowed a dry diet but no water, the first 
developed an early tissue oedema, the others did 
not Tliough some food was eaten durmg the 2 first 
days, the rats of the second senes soon refused 
to eat and starved for the last 3-4 days of the 
experunent It may, therefore, be assumed that 
both senes suffered from a comparable degree of 
starvation, but that they differed m that one was 
aUowed access to water and the other not 

Accordmg to accepted theones, the mechanism of 
water preservation m dehydrated animals can be 
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represented as follows At the beginning, the extra- 
cellular fluid phase is kept normal by transfer of 
water made available from the mtraceUular phase, 
where it has been released by the consumption of 
protoplasm mcidental to fastmg (Gamble, 1947) 
This shift of water to the extracellular flmd phase is 
accompanied by an extrusion of the mtraceUular 
base, potassium (Elkmton & Wmkler, 1944, HeUer, 
1949) As the dehydration proceeds, water is 
dramed from the extraceUular flmd phase, with the 
result that the latter tends to become hypertomc 
(Elkmton & Tafiel, 1942, Wmkler, Elkmton, 
Hopper & Hoff, 1944) This m turn produces more 
transfer of water from the mtraceUular mto the 
extraceUuleir flmd phase The mamtenance of the 
extreiceUulaj: flmd phase, withm limits compatible 
with the survival of the organism, is thus ultimately 
provided at the expense of the mtraceUular phase 
(Table 2 ) This mterpretation, derived from the 
estimation of body flmd lost, and calculated from 
changes m body weight and from the urmary 
excretion of sodium, potassium and mtrogen, is 
based entirely on the assumption that the renal 
function remains normal 

It has repeatedly been demonstrated that durmg 
advanced dehydration there is a functional renal 
failure (see McCance, 1936) leading to retention of 
crystaUoids The results of the present senes of 
experiments show that dehydration m rats pro- 
duced ultimately a retention of urea, potassium, 
chlonde and sodium m the blood, suggestmg im- 
pairment of renal function Furthermore, Gilman & 
Goodman (1937) have shown that the urme of 
dehydrated rats contains significant amounts of an 
antidiuretic substance, which they assumed to be 
similar to ‘vasopressm’ It seems likely, therefore, 
that the attempt to explam the shifts of water 
dunng dehydration by a purely physical mechanism, 
like osmotic pressure, omits one important factor, 
VIZ the influence of the kidney 

This hypothesis of a renal mtervention is sup- 
ported by the results of the present experiments 
where water was aUowed to rats which had been 
so deprived for 6 days Adolph (1947) claimed that, 
when water was agam offered to rats which had 
been entirely deprived of it for several days, only 
a ‘smaU excess’ of water was mgested In contrast 
with these findings it could be shown that the 
amount of water drunk m 24 hr by rats which had 
been previously dehydrated for 5 days amounted to 
13 % of their body weight (Controls dnnk on the 
average 4 6 % of their body weight of water m 
24 hr ) The correspondmg urmary volume, however, 
amounted only to just over 2 % of their body weight 
as agamst 6 % m normals The marked discrepancy 
between the amount of water drunk and that of 
urme excreted resulted m a sudden mcrease of 
body weight of nearly 10 % (Table 6 ) Further- 
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more, it could be shown that the total water content 
of the hver and muscle of the test rats exceeded 
significantly that of normal rats, and that there was 
a marked mcrease of the extraceUular fluid of 
muscle, 1 e clear symptoms of tissue oedema 
(Table 2) 

Had the osmotic pressure been the only factor 
responsible for the regulation bf the 'V-olume of body 
flmd m dehydrated ammals, it would he diffi cult to 
understand why the regulation faded when the rats 
were aUowed to drink Besides the mechanism of 
hypertomcity, there must have been one which 
opposed the renal excretion of the excess water load 
From the results presented there is evidence that, 
both the rate of glomerular filtration, and that of 
tubular water reabsorption were affected It was, 
however, outside the scope of this work to deter 
mine the factor that produced both a decrease of 
the rate of glomerular filtration and an mcrease of 
that of tubular water reabsorption 

In contrast with dehydrated amm als, rats winch 
were starved, but aUowed free access to water, 
developed signs of tissue oedema As early as 3 days 
after the beg innin g of the experiment, the chlonde 
space of muscle was significantly greater than that 
of normal rats (Table 2) The objection might be 
raised that to equate cliloride space with extra 
ceUular flmd phase holds only for normal rats, 
where cliloride and sodium occupy a comparable 
volume of distribution (Dicker, 1948), and that in 
starved ammals there might be changes m the ceU 
permeabihty which would account for changes m 
the chloride distribution However, the fact that 
chlonde occupied a comparable fraction of the 
muscle water m normal and starved rats suggests 
that chloride space can be assumed to give some 
measure of the extraceUular flmd phase m muscle 
It must be remembered, however, that chlonde 
space IS hkely to be somewhat larger than the true 
value of the extraceUular space, even m normal 
animals (Fulton, 1947) 

As these rats were deprived of food, it could be 
assumed that the decrease of the mtraceUular fluid 
phase observed m this senes (Table 2) was the result 
of a loss of water, released from the cells as a conse 
quence of the degradation of protems mcidental to 
fastmg This loss of mtraceUular water was ac 
compamed by a loss of ceU potassium, which pro 
ceeded m spite of the fact that these animals could, 
by drmkmg, mamtam an apparently normal state 
of hydration Furthermore the loss of mtraceUular 
water seemed to be mdependent of the amount 
drunk 

The extraceUular flmd phase, on the other hand, 
was not only mcreased, but the magmtude of the 
mcrease was directly correlated with the amount o 
water drunk (Table 3) Tins suggests at once a 
failure m the regulation of water excretion m these 
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rats, as is also indicated by the following facts 
(a) the urinary volume did not bear any relation to 
the amoimt of water drunk, (b) m spite of the fact 
that water was freely obtainable, the specific 
gravity of the unnes remamed much higher than m 
normal rats which had fi^e access to food and water , 
(c) foUowmg the administration of a standard 
amount of water, the onset of urinary excretion was 
delayed and its total volume diminished 
Comparmg the results obtamed m starved rats 
havmg fi^e access to water with those m rats with- 
out water the following conclusions could be reached 
[a) prolonged starvation, up to 6 days, leads to tissue 
oedema when water is drunk, (6) m starved animals, 
allowed free eiccess to water, there is a direct relation 
between the amount of water drunk and the magm- 
tude of the extracellular flmd phase, expressed m 
terms of chloride space , (c) the onset of tissue oedema 
on starved rats with access to water does not bear 
any relation to the plasma protem concentration, 
and seems m ainly to be the result of a failure m the 
mechanism of water excretion 

SUMMARY 

1 Total water content of plasma, muscle and 
hver and the chloride and the sodium space of 
muscle were estimated m two senes of rats (o) those 
kept for 3 or 6 days without food but with free access 
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to water , (6) those allowed dry food but no water for 
6 days 

2 Group (o) developed an early tissue oedema, 
and after only 3 days the extracellular flmd phase 
of their muscle, expressed m terms of chloride space, 
was significantly mcreased When water equal to 
6% of them body weight was administered, the 
onset of the water diuresis was delayed, and the 
volume of urme excreted m 2 hr was lower than m 
normal rats 

3 Rats allowed a dry diet but no water for 
6 days (group (6)) showed retention of chloride, 
sodium, potassium and urea m the plasma, ac- 
compamed by a decrease of the mtraceUular and 
the extracellular flmd phase of the muscles Ad- 
ministration of water (as above) faded to produce 
a water diuresis When offered water ad lib after 
6 days of water depnvation, an amount equal to 
13% of their body weight was drunk and the 
animals developed tissue oedema, the total water 
content of the hver and muscle was significantly 
mcreased over that of normal animals, and so was 
the extracellular flmd phase of muscle The plasma 
protem concentration, however, remamed normal 

The expenses of this investigation were partly defrayed 
by a grant from the Colston Research Committee, whose 
help 18 gratefolly acknowledged The author expresses his 
appreciation of the technical assistance of Miss P A 
Ashby 
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Colorimetric Determination of Potassium 
by Folin-Ciocalteu Phenol Reagent 

By mam ABUL-FADL, Postgraduate Medical School, London, TT^ 12 

{Received 29 July 1948) 


A method for the colorimetric estimation of 
manganese by reduction of the phosphomolybdic 
phosphotungstic acid phenol reagent has been 
described (Abul-Fadl, 1948) Cobalt was also found 
to give a similar colour reaction m the presence (but 
not m the absence) of ammo acids Conversion of 
cobalt mto the cobaltimtrite did not affect its 
response to this reaction 

As methods for the estimation of potassium m, 
biological flmds depend on precipitation as cobalti- 
mtrite, and subsequent estimation of one of the 
constituents of the precipitate, it was thought that 
this colour reaction might be useful m this con- 
nexion 

Amongst colour reactions hitherto used for the 
micr odetermi n ation of potassium are those of 
Doisy & Bell (see Bnggs, 1923), and of Looney & 
Dyer (1942) Both reactions are based on the 
formation of an azo compound by the mtrite 
radicals of cobaltimtrite Theoretically, those 
methods which determme directly a stable con 
stituent of the precipitate, e g cobalt, are preferable 
to those which depend upon the unstable mtrite 
radical Breh & Gaebler (1930) described a method 
m which cobalt is detenmned as the thiocyanate 
This method mvolves the precipitation of potas- 
sium as the silver cobaltimtrite complex which 
IS more sparmgly soluble than the customary 
K^aCo(lSl’02)6 The method is, however, more 
troublesome to execute and the colour reaction 
mvolved is not entirely satisfactory, smee it 
depends upon such factors as temperature, ethanol 
concentration, etc Jacobs & Hoffman (1931) 
mtroduced a reaction between alkahne ferro- 
cyamde and cobalt compounds m the presence of 
chohne hydrochloride, which gives a stable green 
colour 

EXPERrMENTAL 

Solutions 

Sodium cobalUnxtrite reagent (Kramer & Tisdall, 1921) 

As described by King (1947) 

Standard potassium solution K,S 04 (0 2228 g A B ) is 
dissolved m 600 ml of water, givmg a solution which con- 
tams 20 mg K/lOO ml 

Olycine (Isi) 7 6 g /lOO ml water The solution is 
filtered and preserved with a few drops of chloroform 


Sodium carbonate solution (25% w/v) Anhydrons 
NajCOj (26 g ) IS dissolved in warm water and made to 
100 ml This solution is kept m a warm place 
Phenol reagent of Folin db Ciocalteu (1927) For method of 
preparation see King (1047) This reagent is diluted for use 
(1 vol reagent + 2 vols water) 

Method 

Principle Alkaline solutions of cobalt salts, m presence 
of a trace of ammo aeid (glyeme or alamne), reduce the 
phosphomolybdic phosphotungstic acid phenol reagent to a 
blue colour, the mtensity of which is directly proportional 
to the amount of cobalt present, and hence, if potassium 
has been precipitated as cobaltmitnte, to the amount of 
potassium m the ongmal solution 

Procedure The precipitation of potassium from serum is 
earned out m pnnciple accordmg to the method of Kramer 
& TisdaU (1921) as adapted by King (1947) In a 16 ml 
comcal centrifuge tube, marked at 6 ml , is placed 0 2 ml of 
serum 

In a similar tube is placed 0 2 ml of standard potassium 
solution (contaimng 20 mg K/lOO ml) To each tube is 
slowly added 0 5 ml of filtered sodium cobaltmitnte re 
agent with constant shakmg After 46 mm 1 ml of water 
18 added, and the contents are mixed and centrifuged at 
moderate speed for 16 mm The tubes are then mverted and 
bnefly dramed on filter paper, 2 ml of water are added 
down the side of each tube without disturbing the pre 
cipitate The tubes are agam centrifuged for 5 mm , m 
verted and thoroughly dramed The precipitates are 
washed with 6 ml 70 % ethanol, which is blown mto the 
tubes so as to stir up the precipitates After centnfugmg 
and draining thoroughly, 2 ml of water are added to each 
tube, and the tubes placed m a boding water bath until 
dissolution IS complete A third tube contammg 2 ml 
difltdled water is used as a blank 

To each of the three tubes, while stdl hot, 1 ml glyeme 
solution (7 5%) and 1 ml NajCOj solution (25%) are 
added and thoroughly mixed 1 ml diluted Fohn Ciocalteu 
phenol reagent is then added to each, the contents are 
mixed agam, and the tubes are allowed to stand m a water 
bath at 37° for 10-15 mm After coohng to room tempera 
tore the volume is accurately adjusted to 6 ml m each tube, 
and the colours are read m a photoelectno colonmeter, 
nmTig a red filter and setting the zero with the blank The 
colours are stable for several hours 

RESULTS 

The effect of glycine on the blue colour reaction is 

shown in Fig 1 Reduction of the phosphotungstic- 

phosphomolybdic acids by cobalt salts could not 
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be effected in the absence of ammo acids As httle 
as 0 005 M-glycme is enough to develop the colour 
reaction in solutions contammg 0 01 mg Co The 
colour, however, is rapidly and optimally obtamed 
in the presence of 0 2—0 6 M-glycme Higher con- 
centrations, on the other hand, reduce the colour 
intensity Other ammo-acids are also effective, 
although those of Ingher molecular weight than 
alanme give with the phenol reagent m the absence 
of cobalt blue colour reactions, the mtensity of 
winch mcreases with the rise m their molecular 
weight 



Fig 1 Effect of glycme concentration on blue colour 
development m the estimation of 65/ig K as cobalti 
mtnte by Eolin Ciocalteu reagent 



Eig 2 Rato of Folin Ciocalteu blue colour development 
at room temperature 60 pg Km 02m glycme 

Fig 2 shows the rate of the blue colour develop- 
ment at room temperature m 0 2 M-glycme The 
colour attains its maximum mtensity m about 
15-20 mm at room temperature, but much more 
rapidly at 37° The blue colour, however, once 
formed, is stable for several hours and only starts 
to fade very slowly after 24 hr 

A strict correlation between the mtensity of the 
blue colom and the quantity of potassium present 
as cobaltmitnte complex is shown m Fig 3 The 
relative intensities of the blue colour obtamed by 
the now method and of the green colour of the 
cholme ferrocyamdo are shown on the same figure 
It IS OA ident that the new colour reaction pro\ndes 
nil accurate and more sensitive method for esti- 
mation of potassium 


OF POTASSIUM 

This 18 further illustrated m Tables 1 and 2 winch 
give results of potassium determmations m normal 
and pathological sera by the new method, by that 
of J^obs & Hoffman (1931) and by the flame 



Fig 3 Colonmetnc estimation of potassium m 0 5 ml 
potassium sulphate standard solutions by the new 
(Folm Ciocalteu) method and by that of Jacobs & 
Hoffman (1931) The colour mtenaities were measnred in 

a Hdger Spekker absorptiometer Folm Ciooalten 

bine colour (Ilford speotrum red filter, no 608) , 

chobne ferrooyamde green colour (Ilford spectrum 
orange filter, no 607) 

photometer (of Klyne, 1948) Table 3 gives the 
results of analyses earned out by the new method 
and by the flame photometer on a serum to which 
known amounts of potassium had been added 


The method deaenbed above suffers from the dis- 
advantage, common to all other methods involvmg 
the mdirect estimation of potassium by precipita- 
tion m different complex forms and estunatmg some 
constituent other than potassium, viz that the 
complex may vary m composition accordmg to 
conditions of precipitation These methods, how- 
ever, are still in general use, although the flame 
giotometnc methods may take their place (Barnes 
Richardson, Berry & Hood, 1945, Hald, 194?’ 
Do^go, Kdyne & Weedon, 1948, Klyne, 1948) ’ 
The method, nevertheless, offers a simple and 
accurate means for the micro estimation of potas- 
sium m biological flmds The determmation has 
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1949 


Sample 

no 

1 


2 

3 

4 


6 

6 


7 


8 

9 


10 

11 

12 


Table 1 Determination of serum potassium by different methods 

Eesults 


Folm Ciooalteu method Jacobs & Hoffman method 


A 


Photometnc 

Pound 

Pbotometno 

Found 


Vol taken 

readmgs* 

(mg K/lOO ml 

readmgs* 

(mg K/lOOml 

Diagnosis 

(ml) 

{E) 

serum) 

{E) 

serum) 

Normal 

02 

0 270 

20 0 

— 

— 


02 

0 266 

19 7 

— 

— 


06 

0 686 

20 3 

0 176 

20 0 


06 

0 690 

20 4 

0 180 

20 3 

Normal 

02 

0 246 

18 0 

— 

— 


06 

— 

— 

0 160 

18 2 

\ 

Acute nephntis 

02 

0 400 

29 6 

— 


06 

1000 

29 4 

0 268 

29 4 


06 

— 

— ' 

0 265 

30 2 

PenartentiB nodosa 

02 

0 370 

27 5 

— 

— 


02 

0 376 

27 7 

— 

— 


06 

0 960 

27 9 

0 247 

27 6 


06 

0 900 

28 2 

— 

— 

Alkalosis 

02 

0 310 

22 8 

— 

— 


02 

0 310 

22 8 

— 

— 


06 

— 

— 

0 205 

22 8 

Acute nephritis 

02 

0 295 

21 9 

— 

— 

02 

0 300 

22 2 

— 

— 


06 

0 770 

22 6 

0 190 

21 1 


06 

0 760 

22 4 

— 

— 

Arthritis 

02 

0 300 

22 2 

— 

— 


02 

0 296 

21 8 

— 

— 


0 5 

0 740 

21 8 

0 200 

22 2 


06 

0 760 

22 1 

— 

— 

Addison’s disease 

02 

0 266 

19 0 

— 

— 


02 

0 260 

19 2 

— 

— 


06 

0 660 

19 4 

0 170 

19 4 

Meningitis 

02 

0 276 

20 6 

— 

— 

02 

0 280 

20 7 

— 

— 


06 

0 700 

20 6 

0 190 

21 1 


06 

0 708 

20 8 

— 



Nephritis 

02 

06 

0 290 

0 730 

21 6 

21 4 

0187 

21 0 

Alkalosis 

02 

0 270 

20 0 

— 

— 

02 

0 270 

20 0 

0 176 

19 7 

Nephritis 

02 

06 

0 260 

0 610 

18 6 

17 8 

0 160 

17 3 


* Ilford tnoolour red bght filter 


Table 2 Determination of potassium in normal sera 
by the new Folin-Oiocalteu method and the flame 
photometer 

No of Bpecimens examined 22 


Average value by new method 
Range 

Average value by flame photometer 
Range 

Root mean square difference between the 
two methods 


K (mg /1 00 ml ) 
17 0 

15 5-21 0 
17 7 

16 3-21 4 
1 7 


been, conveniently earned out on 0 2 ml of serum 
instead of 0 6 ml , the minimu m required for J acobs 
& Hoffman’s (1931) method It has been success- 
fully apphed to routme work 


Table 3 Recoveries of potassium 
added to normal serum 


Potassium added 

Total potassium found (mg /lOO ml ) 

A. . 

to serum 
(mg /lOO ml ) 

New method* 

Flame photometerf 

0 

19 6 

19 0 

19 7 

5 

26 7 

249 

241 

10 

32 0 

30 0 

29 0 

16 

342 

34 2 

34 9 

20 

39 0 

400 

39 7 


* 0 2 ml serum used t 1 0 ml serum used 
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SUMMARY 

1 A microinotliod. is dsscnbsd for the estimation 
of potassium m sera and biological flmds 

2 The method depends on tha precipitation of 
potassium as cobaltmitnte, and the colorimetric 
estimation of the cobalt m the latter by the re- 


OF POTASSIUM 

duction of the Fohn-Ciocalteu phosphomolybdic- 
phosphotungstic phenol reagent 

The author is indebted to Prof E J King fOT 1^ 
mvaJuable advice and encouragement, to Prof R H A 
Phmmer for his kind mterest and for applymg the method 
m routme work, and to I>r W Klyne and Mr R A Brennan 
for carrying out determmations on the flame photometer 


REFERENCES 


Abul Fadl, M. A. M (1948) Btochem J 42, xxxvu 
Barnes, R B , Richar^on, D , Berry, J W & Hood, R L 
(1945) Ind Engng Ohem (Apal Ed.), 17, 606 
Breh, E & Gaebler, 0 H (1930) J btol Ghem 87, 81 
Bnggs, A. P (1923) J biol Ghem 67, 361 
Domingo, W R, Klyne, W & Weedon, W (1948) 
BtocAem J 42, xxsvi 

Folm, 0 & Ciocalteu, J (1927) J btol Ghem 73, 627 


Hald, P M (1947) J btol Ghem 167, 499 
Jacobs, H R D & Hoffman, W S (1931) J iwl Ghem 
93, 686. 

Eing, E J (1947) Micro Analysis in Medical Biochemistry 
London Churchill 

Klyne, W (1948) Biochem J 43, xxv 
Looney, J M & Dyer, C G (1942) J Lab dm Med 28, 
365 


The Nicotinamide -Saving Action of Tryptophan and the Biosynthesis 
of Nicotinamide by the Intestinal Flora of the Rat 

By P ELLINGER and M M ABDEL BADER, Lvster InahtiUe of Preventive Medicine, London* 

{Becetved 19 May 1948) 


Tryptophan can replace mcotmamide m the diet of 
the rat (Krehl, Sarma, Teply & Elvehjem, 1946, 
Smgal,' Sydenstncker & Littlejohn, 1947a), the dog 
(Smgal, Sydenstncker & Littlejolm, 19476), the pig 
(Lueoke, MchliUen, Thorp & Tull, 1947) and the 
rabbit (Wooley, 1947) It mcreases the urmary 
ehmination of mcotmanude metabohtes m man 
(Perlzweig, Rosen, Le vitas & Robinson, 1947, 
Sarett & Goldsmith, 1947), dog (Smgal et al 1947 6), 
rat (Rosen, Huff & Perlzweig, 1946, Smgal, Briggs, 
Sydenstncker & Littlejohn, 1946, Schweigert & 
Pearson, 1947), mouse (Schweigert & Pearson, 1947), 
cotton rat (Schweigert, Pearson & Wdkemng, 1947) 
and horse (Schweigert et aJ 1947) The mechanism 
of the replacement of mcotmamide by tryptophan 
is obscure The fact that tryptophan mcreases the 
ohmmation of mcotmamide metabohtes favours the 
conception of a direct conversion However, kynu- 
remo anid (EUmger, 1904), kynuremne (Kotake, 
1931) and xanthuremc acid (Lepkowsky, Roboz & 
Haagen-Smit, 1943) are the only known end pro- 
ducts of tryptophan metabolism m mammals 
Kjmuremc acid has been shown unable to replace 
mcotmamide (Rosen, Huff & Perlzweig, 1947) and 
bomg on a substituted pjTidme denvative cannot 
bo directly converted mto mcotmic acid Kjmu- 
ronme and xanthurenic ncid are foimd m the urme 
* Some of tho results presented m this paper have been 
bnefly reported (Elhnger & Abdel Elader, 1947, 1948) 


of mammals mainly m pyndoxm deficiency Beadle, 
MitcheU & Nyc (1947) beheve they have shown that 
mcotmic acid can be formed from kynurenme by a 
mutant stram of Neurospora Biosynthesis of mco- 
tmamide IS known to occur m numerous mammals 
and might take place either m the mammahan 
tissues or m the mtestmal tract by the activity of 
the mtestmal flora It is of mterest to study the 
mechanism of the tryptophan conversion, to find 
out whether the mtestmal bacteria are mvolved m 
this phenomenon, and if so to find the way m which 
the conversion takes place Participation of the m- 
testmal flora is mdicated by the work of Schweigert 
& Pearson (1947), who showed that the mcrease 
of mcotmamide methochlonde e limin ation is more 
marked after oral than after parenteral administra- 
tion of tryptophan to rats 

Biosynthesis of tngonelhne m plants (Tngonella 
foenum graecum) is stimulated by admmistration uf 
ormthme, argmme, prohne or glutamic acid and 
further mcreased by hexamethylene tetramme 
(Klem & Lmser, 1932, 1933o, 6) It is possible that 
one of the above ammo-acids might be an mter- 
mediate between tryptophan and mcotmamide 
Possible pathways fi-om ormthme to mcotmic acid 
have been suggested by Klem & Lmser (1932) and 
by Guggenheim (1940) In the present paper the 
role of the mtestmal flora m the conversion of trypto - 
phan mto mcotmamide was studied m rats in vivo , 
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mtro experiments were carried out to study the 
biosynthesis of mcotmanude by mtestmal bacteria 
of the rat from various possible precursors 

EXPERIMENTAL 

In VIVO expenmmts 

Twelve rats of both, sexes and two strains (hooded of the 
Lister stock and albino, own stock of P E ) of 200-260 g 
were kept on a mixed diet (Ellinger, Eraenkel & Abdel 
Kader, 194:7) They were placed in metabolism cages and 
24 hr samples of unne were assayed for mcotinamide 
methochlonde at first by the method of Coidson, Elhnger 
& Holden (1944) and later by that of Huff L Perlzweig 
(1947) When the mcotmamide methochlonde ojitput was 
found to be constant, each rat was given three doses of 
100 mg of DL tryptophan at mtervals of 3 or 4 days, 
alternately oraUy and parenteraUy, startmg with either 
oral or parenteral admmistration ParenteraUy adnuni- 
stered doses were injected rntrapentoneaffy, and those 
given oraUy were mgested from a syrmge by stomach tube 
The 24 hr mcotmamide methochlonde e limin ation -5733 
measured Another two groups of four rats each of both 
strams were kept on a similar diet, and the dady nicotm- 
amide methochlonde ehmmation was measured before and 
after oral admimstration of 100 mg of nn-tryptophan 
They were then given 1 g suocmylsulphathiazole with the 
usual diet The 24 hr mcotmamide methochlonde output 
was measured agam for 3 days, then DL-tryptophan 
(0 1 g ) was given by mouth and the mcotmamide metho 
ohlonde ehmmation was agam assayed Three other hooded 
rats whose mcotmamide methochlonde response to oraUy 
administered 100 mg tryptophan had been examiaei 
received wrth them food 0 1 g of sulphathiazole mstead 
of succmylsulphathiazole dady for 4 days Tryptophan 
(0 1 g ) was then given agam by mouth and the mootm 
amide methochlonde ehmmation measured. In three 
hooded rats receiving succmylsulphathiazole and those 
receiving sulphathiazole the concentration of total and fiee 
sulphathiazole m blood was measured by the method of 
Bratton & MarshaU (1939) on the day tryptophan ijas 
admmistered For this purpose 0 6 mL of blood was with 
drawn by heart puncture Other rats of 269-300 g body 
weight simdarly fed were given oraUy and parenteraUy single 
doses of L ormthme (0 2 g ), L prohne (0 2 g ) and 4 ammo 
valenc acid (0 5 g ) and the dady mcotmamide metho 
chlonde output was measured before and after admimstra 
tion of these compounds 

In vitro experiments 

In order to obtam cultures from the mtestmal flora, rats 
of the Lister stock which were known to ehmmate much 
mcotmamide methochlonde were gassed, and the contents 
of their caeca were suspended imder sterde conditions m 
10 ml peptone water Some samples of this suspension 
were dned immediately m an ascorbic acid gelatm medium 
(Stamp, 1947) Part of the undduted suspension was 
spread on agar plates which were moubated both aerobic 
aUy and anaerobically for 48 hr and then exammed for 
t3ipes of colomes The types were isolated and suboultured 
aerobically and anaerobioaUy Part of the suspension was 
treated similarly after heating to 65° for 40 mm to examine 
for spore bearers Port of the snspension, ddnted 100 times 
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in peptone water, was used to moculate tubes contauung 
10 ml of ammonium lactate (Fddes, 1938) or casern hydro 
lysate (Barton Wnght, 1944) media Ammo acids to be 
tested were added for those media Aftermoubationat37°for 
24 hr the cultures were autoclaved, and the acid produced 
was titrated with 0 lx NaOH using oresol red or bromo- 
thymol blue as external indicators The mcotmamide formed 
was assayed by the method of Barton Wnght (1944) In s 
similar way tubes, contauung either ammomnm lactate or 
casern hydrolysate media, were meubated with aU non 
cohform bactena isolated from the mixed cultures The 
bactena were grown for 24 hr alone, the contents of the 
tubes were sterilized' by filtration or autoolavmg, then in 
oculated with Bacterium coh (Eschenchta colt), meubated 
agam for 24 hr and assayed as before In other experiments 
Bad colt were added simultaneously with the non cohform 
bactena, meubated and exammed for acid and mcotm 
amide formation 

The following compounds were tested L-ormthme, ir 
aigmme, nn-glutamme, nn glutanuc acid, n-citruUme, l- 
prolme, li-leucme, l isoleucme, dl vahne, nn-tryptophan, 
4 ammovnleno acid, dl methionme, cholme and bexa 
methylenetetramme The last three compounds were also 
exammed in combmation with ormthme 

The foUowmg bactena were isolated and tested four 
strains of Bad coh, two strams of non lactose fermenting 
cohform bactena, seven strams of Streptococcus faecdhs, 
two strams of Strep mitis, one stram of Staphylococcus 
albus, one stram of LadobactUus acidophilus, fifteen un 
identified strams of Gram positive cocci and diplococci, 
Gram negative ovalcocci and Gram positive baoilh, some 
of them spore bearers 

To mvestigate whether the abihty to form mcotmamide 
from ormthme depends on the mtaot structure of the 
bactenal cell. Bad colt grown on agar slopes were washed 
off with sahne and mechamcally dismtegrated by the 
method of Curran& Evans (1942) The supernatant flmd was 
removed m the centrifuge, the residue washed three tunes 
with sahne, suspended in an ammomnm lactate medium 
and used for moubation with ormthme In some expen 
mentsOOOlN and 0 0001 K NaCN was added The effect of 
pH on mcotmanude formation from ormthme by disin 
tegrated Bad coh cells was studied by var3mig the pH of 
phosphate buffers added to the ammomnm lactate medium 
from 7 4 to 6 6 To exanune whether the mcotmanude com 
pound synthesized by Bad colt was mcotmio acid or moo 
tmamide, an assay was earned out with a stram of Ltuco 
nostoc mesenteroides (AT C C no 9136) by the method 0 
Johnson (1945), m addition to the method usmg Lado 
bacMus arabtnosus which does not distmguish between 
these two compoimds The stram of Leuconostoc mesenttr 
otd-es, kmdiy supphed by Dr B C J ohnson of the Umversity 
of Ulmois, proved to be much more sensitive to mcotuuo 
acid than to mcotmamide 

RESULTS 
Experiments on rats 

From Table 1 it is evident that tryptophan ad 
ministration causes a rise of urmary mcotmanude 
methochlonde elnmnation m albmo and hoo e 
rats This rise is markedly greater after oral t lan 
after parenteral admmistration 



^ mCOTINAMWE AKD TBYTTOPSAN ' 

Table 1 Average nse in urinary mcottnamide iMthochlonde ehmination after oral and 
mtraperdoneal administration of dl tryptophan to two strains of rats 

(DL-Tryptophan (100 mg ) administered to each rat NM =mootmamide methocUonde Figures in brackets give the 
range of values for mdividual rats ) 


Average daily 

NM ehmination on 

Rise m 

NM elunmation after tryptophan administration (pg ) 

A. - . , V 

3 predosmg days 
(pg /day) 

(Av of 6) 

Strain Albmo 186 

(87-281) 

Hooded 768 

(670-1081) 

Oral* 

(Av of 3) 
197 

(109-297) 

346 

(129-626) 

Farenteral 
(Av of 6) 

77 

(67-106) 

121 

(89-138) 

Oral 

(A> of 6) 

206 

(129-316) 

323 

(241-393) 

Parenteralf 
(Av of 3) 

76 

(67-81) 

124 

(116-132) 


* Beginning mth oral administration t Begmnmg with parenteral administration 


Table 2 Effect of succinylstdphalliiazole on the increase of urinary nicotinamide methochlonde 
elimination follovnng oral administration of tryptophan ^ 

(DL-Tryptophan (100 mg ) administered to each rat NM=mcotmamide methochlonde Figures m brackets give the 
range of values for mdividual rats ) 

Before sucomylsulpbatbiazole Durmg succmylsulphathiazole 

administration administration 




( 

Average daily 

Increase of 

Average 

Increase of 



NM output on 

NM output on 

NM output on 

NM output on 


No of 

3 predosmg days 

giving tryptophan 

3 predosmg days 

givmg tryptophan 

Stram 

ammals 

(pg /24 hr ) 

(pg) 

(pg /24hr) 

(pg) 

Albmo 

3 

209 

263 

41 

66 



(130-320) 

(210-280) 

(17-81) 

(41-96) 

Hooded 

3 

901 

608 

144 

87 



(710-1017) 

(427-602) 

(89-212) 

(28-146) 


The rise in urinary nicotinamide methochlonde 
output caused by tryptophan (Table 2) is distmctly 
dunmished when the basic mcotmanude metho 
chloride elunmation is reduced by feeding succmyl- 
sulphatlnazole to albmo or hooded rats There is, 
however, one other experiment with one albmo and 
one hooded rat m which the basic mcotmamide 
methochlonde elunmation is not markedly affected 
by succuiylsulphatluazole In this experiment 
the extra mcotmamide methochlonde ehmmation 
caused by tryptophan was the same as before 
the succmylsulphathiazole admmistration The ad- 
mmistration of sulphatluazole as opposed to that of 
the succmyl compound did not markedly affect the 
incroaso m mcotmanude methochlonde ehxmnation 
The concentration of total and free drug m the 
blood after admmistration of 1 g /day of succmyl- 
sulphathiazolo was os follows (average of 3) total, 
7 5 gg /ml , free, 5 8 /ml , after feedmg of 
0 1 g /daj of sulphatluazole the respective figures 
were total, 52 0 /ml , free, 47 3 gg /ml 

When L omithme (0 2 g ) or n-prohne (0 2 g ) was 
gi\ en to rats of both strains orally or parenterally 
no increase in urmnry mcotmamide methocliloride 
elmimation u ^ observed The same negative result 
vas obtauied after administration by both routes 
off au\mo\ alenc acid (0 5g ) to rats of both strams 


Experiments on bacteria 

Effect of tryptophan Addition of trj^itophan to 
casern hydrolysate (Barton -Wright, 1944) or am- 
momum lactate media (Fildes, 1938) m concentra- 
tions of 0 004-0 0001 M markedly moreased growth 
and acid production of two pure Bact coli strains 
isolated from human faeces (Table 3) The 
maximum effect was observed m concentrations of 
0 0006-0 OOOIm The production of mcotmamide/ 
umt growth, however, was not affected In pure 
cultures of Strep faecalis (Table 4) growth and acid 
production were stimulated by tryptophan m con- 
centrations of 0 002-0 004 m, and the disappearance 
of mcotmamide observed at lower concentrations 
came to an end at tryptophan concentrations 

>0 001 M 

When various Proteus strains were mcubated 
aerobically m the ammonium lactate medium in 
the presence of bl - tryptophan, pigments were 
formed varymg m hue from hght yellow to dark 
brown accordmg to the type of organism (Proteus 
morgani 111, Proteus vulgans 401, 3166, 6887) (all 
N C T C ) and mcreasmg m mtensity with mcreasmg 
concentrations of tryptophan To examme these 
pigments Proteus morgani Hi was mcubated aero- 
bically at 37° m large flat bottles m ammomum 
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Table 3 Affect of tryptophan on growth, acid productwn and mcohnamide formation 
by Bact cob 2 and 4 in Barton-Wnght and amnionium lactate media 


Meditun Barton Wnght Amm onium lactate 

/ — ^ A 


Tryptophan 

concentration 

/ 

Groivth 

(arbitrary 

Acid 

formed/ml 
(ml 0 In 

> 

Niootmamide 
formed/umt acid 

(% of 

^ 

Growth 

(arbitrary 



Acid 

formed/ml 
(ml 0 In 

Nicotmanude 
formed/umt acid 

, • 

(°t. of 

Urgamsm 

(M) 

knits) 

NaOH) 

(gg /ml ) 

control) 

units) 

NaOH) 

(fig /ml : 

) control)' 

Bact coh 2 

0 

+ + 

0 076 

0 074 

100 

4- 4- 

0 068 

0 067 

100 


io-« 

+ + 

0 078 

0 082 

105 

4- 4- 

0 072 

0 070 

100 


2 X 10-* 

• 4 - + 

0 077 

0 080 

104 

+ + + 

0 080 

0 084 

106 


4 X 10-* 

+ + -)- 

0 083 

0 082 

99 

+ + + 

0 082 

0 085 

m 


6 8x10-^ 

+ + + 

0 084 

0 080 

95 

4-4-4- 

0 081 

0 086 

106 


10-3 

+ + + + 

0 094 

0 096 

100 

+ + + + 

0 116 

0 116 

100 


2x10-3 

+ + + 

0 084 

0 080 

95 

+ -f + 

0 086 

0 078 

93 


2 7 X 10-3 

+ + 

0 073 

0 076 

102 

4- 4- 

0 070 

0 064 

03 


4 X 10-3 

-t- + 

0 072 

0 070 

97 

4- 4- 

0 066 

0 060 ' 

94 

Bact coh 4: 

0 

+ 

0 033 

0 060 

100 

4- 

0 030 

0 046 

100 


10-^ 

+ 

0 040 

0 066 

91 

4- 

0 036 

' 0 050 

91 


2 X 10-* 

+ 

0 042 

0 060 

95 

4- 

0 044 

0 060 

90 


4 X 10-* 

+ + 

0 046 

0 064 

94 

4- 4- 

0 044 

0 062 

93 


6 8x10-* 

4- 4- 

0 068 

0 078 

90 

4- 4- 

0 056 

0 080 

97 


10-3 

4- 4- 

0 046 

0 066 

96 

+ + 

0 042 

0 069 

93 


2 X 10-3 

+ 

0 040 

0 000 

100 

4- 

0 036 

0 060 

91 


2 7 X 10-3 

4- 

0 036 

0 060 

92 

4- 

0 036 

0 048 

90 


4 X 10-3 

4- 

0 0^0 

0 046 

100 

4- 

0 030 

0 041 

90 


* In Tables 3, 6, 6, 7, 9, 10, 11 and 12 the values for nicotinamide formed/mut growth (percentage of control) are obtained 
by dividmg the values for mcotmamide formed/ml medium by the values for the acid produced/mL The values thus ob 
tamed for a tested substance are divided by those obtamed for the control and multiphed by 100 


Table 4 Effect of tryptophan on growth, acid pro- 
duction and nicoHnamide formation by Strepto- 
coccus faecabs in a casein hydrolysate medium 
containing nicotinic acid 


Concentration 

Gro'wth 

Acid 

production/ 
ml medium 

Nicotm- 

anude 

of tryptophan 

(arbitrary 

(mL 0 1 N- 

formed 

(M) 

units) 

NaOH) 

(fig /ml ) 

0 

4-4-4- 

0 27 

0 

10-* 

4- 4- 

024 

-0 006 

2x10-* 

4- 4- 

0 26 

-0 006 

4 X 10-* 

4- 4- 

0 26 

-0 003 

6x10-* 

4- 4- 

0 26 

-0 003 

10-3 

4-4-4- 

0 28 

0 

2x10-3 

4- 4- 4- 4- 

0 304 

0 

3 3 X 10-3 

-1 — 1 — h -f- 

0 304 

0 

4x10-3 

-t 4- -f- -f 

0 314 

0 


lactate coutammg 0 02M:-DL-tryptopban for 48 hr 
The medium, ■which heid turned dark bro-wn durmg 
mcubation, was acidified with HCl to a final con- 
centration of about 0 4 % (w/v) Part of the pig- 
ment precipitated and was filtered off {A) The 
filtrate was extracted ■with ether imtil the extract 
was colourless The ether was dried ■with Na^SO^ 
and evapora'ted, the residue formmg an amorphous 
orange powder {B) The ether-extracted aqueous 
solution ■was then exhaustively extracted ■with iso- 
butanol The extract was dried -with Na^SO^ and 
the wobutanol was evaporated to a small volume 


and kept at low temperature An amorphous dark 
bro'wn precipitate {0) formed which was possibly 
identical ■with A Filter-paper chromatography of 
the aqueous medium after mcubation revealed the 
presence of two distmot pigments, a yeUow band 
■with yellowish fiuorescence and a bro'wn band ■with 
pinkish fluorescence Larger amounts of these 
pigments ■will have to be produced before more 
details can be given 

Effects of other compounds When the synthesis of 
mcotinarmde by Bact coli &om eaximo acids other 
than tryptophan wap tested (Table 6) onutbme was 
found by far the most efficient, whilst some increase 
m mcotmamide formation was sho'wn by arginme 
and glutamme None of these three ammo acids 
markedly mcreased gro'wth or acid production of 
the bacteria None of the other ammo acids 
affected nicotmanude formation to a marked degree 
The optimal concentration of ormthme was between 
6 X 10-* and 1 x 10“®m The mcrease m mcotm 
amide formation per unit gro'wth as compared ■with 
the control varied &om two and a half to fifteen 
tunes 

Neither methionme nor chohne (Table 6) affected 
the mcotmamide synthesis by Bact coli IVhen, 
however, these compounds were added to an 
ammomum lacta'te medium containmg lO'^Mprm- 
thme, they caused a marked rise of the nicotm- 
amide formation as compared ■with that caused by 
ormthme alone 
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Table 6 Effect of different amino acids on growth, acid production and nicotinamide formation 
in ammonium lactate medium by Bact coli 3 c and 4 c 
Organism Bad coh 3 c Bad coh 4 c 

* ( I- 

Acid Nicotinanude Acid Nicotinamide 


Compound 

tested 

Concentration 
of ammo 
acid 
(M) 

Growth 

(arbitrary 

umts) 

produced/ 

ml 

(ml OlN- 
NaOH) 

formed/umt acid 

f ^ 

(% of 

(pg /ml ) control) 

Growth 

(arbitrary 

umts) 

produced/ 

ml 

(ml 0 1 N- 
NaOH) 

formed/umt acid 

, " , 

(% of 

(pg /ml ) control) 

None 

0 

+ + 

0 116 

0 086 

100 

4 4 4 

0 147 

0 126 

100 

li-Ormthme 

2x10-* 

4 — h 

0119 

0160 

173 

4 4 4 

0139 

0160 

127 

dihydrochlonde 

2 6 X 10-* 

4 + 

0 114 

0160 

181 

4 4 4 

0 139 

0176 

148 

6x10-* 

+ + 

0 121 

0 176 

197 

4 4 4 

0160 

0 226 

177 


10-3 

+ + 

0 120 

0 276 

314 

4 4 4 

0160 

0 326 

264 


2 X 10-3 

+ + 

0 121 

0 240 

271 

4 4 4 

0 160 

0 276 

216 


4x10-3 

+ + 

0 121 

0 200 

226 

4 4 4 

0160 

0 226 

177 

L-Argmme 

6x10-* 

+ + 

0 121 

0160 

170 

4 4 4 

0163 

0176 

126 

mtrate 

6 6 X 10-* 

+ + 

0 122 

0160 

169 

4 4 4 

0 164 

0 180 

128 

li-Prohne 

6x10-* 

+ 4 

0 126 

0 090 

98 

4 4 4 4 

0 171 

0 160 

101 


6 6 X 10-* 

4 4 

0 121 

0 090 

101 

4 4 4 4 

0 170 

0 160 

102 

ii-Leucme 

6x10-* 

4 4 4 

0 141 

0 090 

88 

4 4 4 4 

0 169 

0160 

103 


6 6 X 10-* 

4 4 4 

0 146 

0100 

93 

4 4 4 4 

0 168 

0 160 

103 

L-Isoleuome 

6x10-* 

4 4 4 4 

0 162 

0 100 

90 

4 4 4 4 

0 171 

0 160 

102 


6 6 X 10-* 

4 4 4 4 

0 167 

0100 

88 

4 4 4 4 

0 172 

0 160 

102 

L Valme 

6x10-* 

4 4 4 

0 141 

0 086 

82 

4 4 4 4 

0 167 

0 125 

88 


6 6 X 10-* 

4 4 4 

0 143 

0100 

96 

4 4 4 4 

0 177 

0 126 

84 

None 

0 

4 4 

0 103 

0163 

100 

4 4 

0 117 

0 140 

100 

li^Ormthme 

10-3 

4 4 

0 100 

0 696 

342 

4 4 

0 110 

0 620 

400 

dihydrochlonde 

DL-Qlutamme 

6x10-* 

A — h 

0 113 

0 266 

172 

4 4 

0 126 

0 210 

141 


6 6 X 10-* 

A — H 

0 110 

0 270 

164 

4 4 

0 130 

0 230 

148 

DL-GIntamio acid 

6x10-* 

+ + 4- 

0 138 

0186 

86 

4 4 4 

0 160 

0 146 

82 


6 6 X 10-* 

+ + + 

0 135 

0195 

90 

4 4 4 

0 146 

0 136 

76 

L CitruUme 

6x10-* 

+ + 

0 133 

0 206 

98 

4 4 4 

0 163 

0130 

71 - 

None 

6 6 X 10-* 

4- 4* 

0 130 

0 205 

99 

4 4 4 

0 145 

0 130 

76 

0 

— 

— 

— 

— 

4 4 

0 061 

0 020 

100 

L-Ormthme 

10-3 

— 

— 

— 

— _ 

4 4 

0 068 

0 300 

1642 

dihydroolilonde 

4 Anunovaleno 

6x10-* 

— 

— 

— 

— 

4 4 4 

0 061 

0 020 

100 

acid 

10-3 

— 

— 

— 

— 

4 4 4 

0 062 

0 020 

98 


2 X 10-3 

— 



— 

— 

4 4 4 

0 059 

0 020 

102 


Table 6 Effect of choline and methionine alone and in combination with ornithine on growth, acid produtionc 
and nicotinamide formation by Bact cob 4c in ammonium lactate medium 


Compound tested 

None 

L Ornithine dihydrochlonde (10 ”^m) 
Cholmo clUondo 


L Ornithine dihj droohlonde {10 -®m) 
+ chohno chlondo 


DL Methionmo hydroohlondo 


L Ornithine dihydrochlonde (10 ~’m) 
+ DI. methionine hjdrochlonde 


biochcm 1949, 44 


Concentration 
of oholme or 
methiomne 
(M) 

0 

0 

10-^ 

2x10-1 

6x10-* 

io-=> 

10 -* 

2x10-* 

5x10-* 

10-s 

10 -* 

2x10-* 

6x10-* 

10 -’ 

10 -* 

2x10-* 

5 X 10“* 
10 -* 


Growth 

Acid 

produced/ml 

(arbitrary 

medium 

umts) 

(ml 0 iN-NaOH) 

4 

0 066 

4 

0 062 

4 

0 065 

4 

0 067 

4 

0 056 

4 

0 055 

4 

0 061 

4 

0 052 

4 

0 061 

4 

0 061 

4 

0 054 

4 

0 056 

4 

0 057 

+ 

0 057 

+ 

0 054 

+ 

0 050 

+ 

0 053 

+ 

0 052 


Nicotmarmde 
formed/umt acid 

K 



(% of control) 

0 010 

100 

0 036 

390 

0 010 

102 

0 010 

98 

0 010 

100 

0 010 

102 

0 034 

370 

0 048 

624 

0 056 

616 

0 040 

439 

0 010 

104 

0 010 

100 

0 010 

98 

0 010 

98 

0 032 

334 

0 036 

404 

0 058 

613 

0 048 

619 


19 
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Table 7 Effect of hexamethylenetetramine on growth, acid production and nicotinamide formation 


by Bact coh 4 c in ammonium lactate medium 



Compound tested 

Concentration 
of hexamethylene 
tetrarmne 

Growth 

(arbitrary 

Acid 

produocd/inl 

medium 

Nicotmamide 
fonned/umt acid 

A 

(ns /ml , (% of 

(M) 

umts) 

(ml 0 iN-NaOH) 

medium) 

control) 

None 

0 

+ + 

0 040 

0 026 

100 

L Ormthme dihydroohloride (IQ-^M) 

0 

+ + 

0 048 

0 20 

695 

Hexamethylenetetramme 

io-» 

-t 

0 032 

0 02 

100 


3x10-3 

+ 

0 034 

0 02 

98 


io-» 

+ 

0 033 

0 02 

100 


3x10-^ 

+ 

0 033 

0 02 

100 


10-3 

+ 

0 033 

0 016 

76 

L Ormthme dihydrochlonde (IQ-’m) 

10-3 

+ 

0 060 

0186 

617 

hexamethylenetetramme 

3 X 10-3 

+ 

0 052 

0 186 

617 


10-3 

+ 

0 052 

0 175 

564 


3 X 10-3 

+ 

0 060 

0170 

666 


10-3 

-f 

0 060 

0170 

665 


Table 8 Nicotinamide synthesis from ornithine by disintegrated cells of Bacfc cob 3 c and 4c 
in saline and the effect of cyanide on this synthesis 


Strain 


Concentration 
of L ornithine 
dihydroohlonde 
(M) 

0 

6x10-^ 

10-^ 

6 X 10-* 

6x10-^ 


Concentration 

ofNaCN 

(M) 

0 

0 

0 

10-3 

10-^ 


Bad coh 3 c 
Niootmamide 
content 

it^l^) 

0 043 
0 060 
0 086 
0 043 
0 046 


Bad colt 4 c 
Nicotmamide 
content 

{ygM) 

0 037 
0 042 
0 043 
0 036 
0 036 


Hexametbylenetetrainine (Table 7) m concen- 
trations of 10-3 ]^0-3 slightly inhibited growth 

and acid production, and nicotmamide formation 
to a small degree at the highest concentrations 
tested 

Parallel assays of ammomum lactate media m 
which mcotmamide had been synthesized from 
ormthme by Bact coli were carried out by the 
method of Barton-Wright (1944) usmg Lb arabi- 
nosus and that of Johnson (1946) usmg Leuconostoc 
mesenteroides While the former does not distmg^uish 
between mcotmic acid and mcotmarmde, the stram 
used m the latter was much more sensitive to the 
acid than to the armde In fifty two samples of 
these media m which the Barton Wright assay had 
revealed a combmed mcotmaimde and mcotmic 
acid content of 0 085-0 326 /ml , the Johnson 
assays gave values of less than 0 01 ^g /ml , the 
lowest amount measurable by this stram This 
shows that the compound synthesized was probably 
exclusively mcotmamide 

Experiments with disintegrated cells Table 8 shows 
that the formation of mcotmamide from ormthme 
probably does not depend on the mtaotness of the 
cell, but is completely inhibited by cyamde In 
spite of the fact that the dismtegration was done 
as thoroughly as possible it cannot be excluded that 


some cells have survived and are responsible for the 
activity of the debris Exammations with dismte 
grated cells m salme of pH 7 4-6 0 showed thnt 
mootmanude formation from ormthme by cell 
debris varied very httle m this range of pH 

Experiments with mixed cultures When mixed 
cultures from the contents of the rat’s caecum were 
meubated m ammomum lactate medium with either 
ormthme or tryptophan (Table 9) there was m all 
experiments a marked rise of the synthesis of mco 
tmamide as compared wnth that of the control The 
extent of the rise varied, but m each mdividual case 
the morease with ormthme was higher than that 
with tryptophan 

In casern hydrolysate medium (Table 10) the 
mcrease was less marked, and the difference between 
the effects of ormthme and tryptophan was smaller 
than m ammomum lactate medium 

The formation of mcotmamide from ormthme or 
tryptophan by the mixed cultures was almost the 
same under aerobic and anaerobic conditions 
(Table 11) 

Drymg of the mixed cultures (Table 12) affecte 
to some extent the mcot mami de synthesis from 
tryptophan emd ormthme Whilst the ormthme 
effect was reduced by about 60 %, the tryptophan 
effect was almost completely abolished 
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Table 9 
%n 


Average acid formation and nicotinamide production by mixed cidtures from the rat's caecum grown 
ammonium lactate medium aerobically in the absence and presence of tryptophan and ornithine 


No of 
exp 

7 


(TiguTCB m brackets give the range of values for individual samples ) 


Compound added 

None 

DL Tryptophan 
L Ormthme dihydro chloride 


Acid formed/ml 
medium 

( ml 0 iN-NaOH) 
0 080 

(0 050-0 152) 

0 080 

(0 062-0 124) 

0 076 

(0 053-0 120) 


Nicotmamide formed/unit acid 

A ! 

(fig /ml medium) (% of control) 


0 020 

(0 010-0 030) 
0 038 

10 018-0 060) 
0 049 

(0 030-0 070) 


100 

( 100 ) 

(134^02) 

290 

(167^72) 


Table 10 Influence of medium {ammonium lactate or casein hydrolysate) on the nicotinamide formation 
from tryptophan or ornithine by mixed cultures of bacteria from the rat s caecum grown aerobically 


(Figures m brackets give the range of values for mdividual samples ) 


Sledium 

No of 
exp 

Compound added 

Acid formed/ml 
medium 

(ml 0 In NaOH) 

Nicotmamide formed/vmit acid 

r * w 

(fxg /ml medium) (% of control) 

Ammomum lactate 

3 

None 

0 069 

(0 060-0 106) 

0 027 

(0 026-0 030) 

100 

(100) 


% 

DL Tryptophan 

0 079 

(0 062-0 110) 

0 046 

(0 040-0 060) 

161 

{134r-166) 



L Ormthme dihydrochlonde 

0 072 

(0 066-0 100) 

0 057 

(0 060-0 070) 

211 

(167-296) 

Casein hydrolysate 

3 

None 

0 087 

(0 049-0 110) 

0 058 

(0 035-0 076) 

^ 100 
(100) 



DL Tryptophan 

0 091 

(0 062-0 110) 

0 080 

(0 066-0 090) 

139 

(113-173) 



L Ormthme dihydroohlonde 

0 094 

(0 062-0 116) 

0 088 

(0 075-0 096) 

149 

(120-168) 


Table 11 Influence of anaerobiosis on nicotinamide formation from tryptophan or ornithine 
by mixed cultures of bacteria from the rat's caecum in ammonium lactate mednum 


Condition of 
incubation 

Aerobic 3 None 

DL Tryptophan 
L Ormthme dihydroohlonde 
Anaerobic 3 None 

DL Tryptophan 
L Ormthme dihydrochlondo 

Non cobform bacteria isolated from the caeca of 
\nnoiib rats nere tested for the formation of nico 
tmnmulo from trjTptopban either by mcubation 
together with Bad colt or by addition of Bad coli 
to the medium m winch the non cohform organisms 
had been incubated Not one showed a positive 
effect 


(ml 0 In NaOH) 

{fig I ml medium) 

(% of control) 

0 086 

0-027 

100 

(0 050-0 162) 

(0 026-0 030) 

(100) 

0 084 

0 047 

171 

(0 062-0 124) 

(0 046-0 050) 

(134-220) 

0 078 

0 060 

197 

(0 055-0 120) 

(0 060) 

(167-266) 

0 059 

0 020 

100 

(0 037-0 100) 

(0 020-0 026) 

(100) 

0 054 

0 040 

165 

(0 037-0 086) 

(0 040) 

(170-236) 

0 050 

0 041 

221 

(0 028-0 086) 

(0 035-0 047) 

(205-230) 


DISCUSSION 

The in vivo experiments on the rat showmg a greater 
mcotmamide methocblonde ehmmation after oral 
than after parenteral admmistration of tryptophan 
are m agreement with the findmgs of Schweigert & 
Pearson (1947) and favour the conception that the 

19-2 


(Figures in brackets give the range of values for mdividual samples ) 

Acid formed/ml Nicotmamide formed/umt acid 
No of medium 

exp Compound added 
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Table 12 Influence of drying on the nicotinamide formation from tryptophan or ornithine by mixed cidtures 
of bacteria from the rat's caecum grown aerobically in ammonium lactate medium 


(Figures m brackets give the range of values for individual samples ) 


Condition of 

No of 


culture 

exp 

Compound added 

Fresh 

3 

None 

nn Tryptophan 

• 

ly-Ormthme dihydrochlonde 

Dry 

3 

None 

Dir-Tiyptophan 

L-Ormthme dihydroohlonde 


Acid formed/ml 
medium 

Nicotmamide formed/umt acid 
^ 

(ml OlxNaOH) 

(fig /ml medium) 

(% of control) 

0 079 

0 016 

100 

(0 062-0 106) 

(0 010-0 026) 

(100) 

0 083 

0 036 

230 

(0 069-0 110) 

(0 032-0 040) 

(163-302) 

0 076 

0 066 

395 

(0 063-0 100) 

(0 040-0 070) 

(294472) 

0 066 

0 020 

100 

(0 031-0 078) 

(0 014-0 026) 

(100) 

0 063 

0 024 

120 

(0 031-0 080) 

(0 018-0 032) 

(116-126) 

0 061 

0 046 

249 

(0 027-0 073) 

(0 026-0 066) 

(192-305) 


intestinal flora is concerned with conversion of 
tryptophein into nicotmamide But they do not 
exclude a participation of the rat tissue in this con- 
version, both processes may occur simultaneously 
However, the participation of the mtestmal flora is 
also favoured by the findmgs of Kxehl et al (1946) 
that the growth-restrictmg eS'ect of tryptophan- 
deficient diets m growmg rats can be reduced by 
feedmg carbohydrates which cause a change m the 
mtestmal flora The mhibitmg effect of succmyl- 
sulphathiazole on the mcrease of nicotmamide 
methochloride output caused by tryptophan 
equally favours the participation of the mtestmal 
flora m the conversion of tryptophan mto mcotm- 
amide The effect of succmylsulphathiazole on the 
rate of tryptophan-mcotmamide conversion was not 
always observed, it was not observed when the 
admmistration of the drug faded to reduce the 
basic mcotmamide methochloride ehmmation, thus 
confirmmg the connexion between tryptophan con- 
version and mtestmal flora As m human bemgs 
(Elhnger, Coulson & Benesch, 1944, EUmger, 
Benesch & Kay, 1946) mcotmamide methochloride 
elimination was not markedly affected by sulpha- 
thiazole administration m the rat although the blood 
level of total and free sulphathiazole was much 
higher after sulphathiazole than after succmyl- 
sidphathiazole administration Also the rise m 
mcotmamide methochloride ehmmation caused by 
tr5q)tophan was reduced only by succmylsulpha- 
thiazole, and not by sulphathiazole This mdicates 
strongly that the drop after succmylsulphathiazole 
administration is not due to a process occurring m 
the tissue, and that the tryptophan mcotmamide 
conversion occurs at least to a large extent m 
the mtestmal flora which is much more affected 
by succmylsulphathiazole than by sulphathiazole 
The results of the experiments usmg succmyl- 
sulphathiazole are m apparent disagreement with 


those reported by Specter (1948), who foimd after 
feedmg 0 2 g of succmylsulphathiazole a greater 
conversion of tryptophan to mcotimc acid and 
greater recovery of added mcotimc acid This 
mcrease cannot be explamed, but the failure to 
find a reduced conversion is probably due to 
entirely madequate doses of succmylsulphathiazole 
used m these experiments The minimum daily dose 
of succmylsulphathiazole foimd to reduce markedly 
the Bact coli population of the mtestmes m about 
two tlnrds of the experimental animals is in the 
region of 1 g (Elhnger, 1948) There is no direct 
evidence for any conversion of tryptophan into 
mcotmarmde m the tissues of vertebrates with the 
exception of experiments by Schweigert, German 
Garber (1948), who found m developmg chick 
embryos a significantly mcreased mcotmic acid 
content after mjection of tryptophan On the whole 
the conversion of tryptophan mto mcotmamide m 
the rat seems to be very mcomplete, smce the 
mcrease m urmary mcotmarmde methochloride 
ehmmation caused by 100 mg tryptophan corre 
sponds to about that caused by 1-2 mg of mcotm 
amide Moreover, the conception that the mtestmal 
flora is concerned wnth the tryptophan mcotm 
anoide conversion is further supported by the in 
vitro experiments m which, without exception, the 
mcotmamide production by mixed cultures from 
the caecum was mcreased on addition of tryptophan 
to the medium 

The chemical mechamsm of the trjq>tophan-mco 
tmamide conversion is obscure Whilst of the known 
mammahan tryptophan metabohtes kynuremc acid 
has been shown to be meffective m mcreasmg mco 
tmamide methochloride output m rats (Rosen ef al 
1947), kynuremne which might be an mtermediate 
in tryptophan metabohsm m normal animals, an 
IS an end product m pyndoxme deficient amma , 
seems to mcrease the mcotmic acid content of a 
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mutant stram of Neurospora (Beadle, et al 1947) 
The structure of kynurenme as o-ammophenacyl- 
glycme has been proved by Butenandt, Weidel & 
Neckel (1944) by synthesis If this structure for 
kynurenme is correct, its conversion either mto a 
P 3 m(hne 3-carboxyhc acid or mto omithme can 
hardly be understood It has been shown that 2- 
ammo-3-hydroxybenzoic acid can replace trypto- 
phan or mcotmamide m some mutant strains of 
Neurospora (Mitchell & Nyc, 1948, Bormer, 1948) 
The chemical mechanism of this effect is obscure, 
and a direct conversion of 2 ammo-3-hydroxy- 
benzoic acid mto mcotmamide seems improbable 

There is no evidence available so far that orm- 
tlime can be formed from tryptophan, but if 
tryptophan is directly converted mto mcotmamide 
a reductii’'e cleavage of the pyrrole rmg of tiypto- 
phan m the almost anaerobic atmosphere of the 
lower mtestmes may cause the formation of orm- 
thme from tryptophan 

The possibihty of such a cleavage, which is not 
supported by any known parallel reaction m bio 
logical systems, has still to be proved, and ormthme 
has to be isolated as an mtermediate of such a 
conversion of tryptophan mto mcotma mi de 

The experiments on Bact coh, wherem the forma 
tion of mcotmamide seems to be mainly responsible 
for the biosynthesis of mcotmamide m the mtestmes 
(Elhnger & Emmanuelowa, 1946), prove without 
anj’’ doubt that ormtlime is the only one of the 
ammo acids tested which facihtates the bacterial 
sjmthesis of mcotmamide to a considerable degree 
The only other ammo acids wluch show a similar 
but much smaller effect, namely arginme and 
glutamme, are probably converted to ormthme, the 
former by an enzymic action similar to that 
described by Hirai (1936), the latter by a reductive 
process 

The failure of the rat to convert ormtlime mto 
mcotmamide m vivo is not m conflict with the con- 
ception that it IS concerned m the biosynthesis of 
mcotmamide Ormthme is so unstable m the 
mammalian body that its natural occurrence m 
mammals has not been recognized until its impor- 
tance for the formation of urea uas demonstrated 
In Krebs c'l Henseleit (1932a, 6, 1934) It seems to 
lie qmckh used up m the formation of argmine 
It might bo expected that one of the mtermediates 
jiostulated m its comersion mto mcotmaimde may 
bo offoctno m this respect lOem & Linser (1932), 
nho found ormthme and prolme to be actne as 
jirccursors of trigonelline in TrigoncUa fotnurn 
ornrciiw, suggested the mtermediate formation of 

1 !n(lrox\-4 ammo\nloricacid,4 ammovalericacid 

gin acme and nicotinic acid, and Guggenheim(1940) 
omitting the 1 In droxi -4 amiiioi aleric acid, but m- 
tliidmg4 aminobut-l-ene 1 carboxi he acid between 
4 ammoN alcnc acid and gin acme, suggested a smular 


pathway The failure of 4 ammovalerio acid to be 
converted mto mcotmamide in vivo m the rat and in 
vitro by Bax^ coh shows that this compound cannot 
be an mtermediate of the conversion This mechanism 
needs further mvestigation The results with bacteria 
differ from those of Klem & Linser (1932, 1933a, b) 
mth Tngondla m two respects prohne or glutanuc 
acid are mactive m bacteria and hexamethylene- 
tetramme does not mcrease the mcotmaimde pro- 
duction That a methylatmg process is mvolved m 
the ormthme -mcotmamide conversion is suggested 
by the mcrease m mcotmaimde formation when 
methyl donors such as chohne or methione are 
available 

The fact that Bact coh forms mdole (Herzfeld & 
Klmger, 1916) tmder aerobic and 3-mdolepropiomc 
acid under anaerobic cohditions (Woods, 1936), but 
fails m pure culture to convert tryptophan mto 
mcotmamide, suggests that Bact coh cannot spht 
the tryptophan molecule mto ormthme This 
cleavage might be performed by other mtestmal 
bacteria as shown by the results obtamed with 
mixed cultures from rat caecum It was, however, 
not possible to isolate these organisms which do not 
appear to stand drymg It is remarkable that the 
compound formed by the mtestmal bacteria is 
mcotmamide and not the acid 

The experiments reported strongly favour the 
conception that m the conversion of tryptophan 
mto mcotmamide m the rat the mtestmal bacteria 
are responsible to a considerable extent, but they 
do not exclude a participation of the rat’s tissues m 
tins process 

SUMMARY 

1 Administration of tryptophan causes an 
mcrease of urinary mcotmamide methochlonde 
ehmmation m adult rats kept on a mixed diet 
This mcrease is markedly greater after oral than 
after parenteral admmistration 

2 The mcrease m urmary mcotmamide metho- 
chloride output caused by tryptophan administra- 
tion IS markedly reduced m rats m which feedmg 
of Buccmylsulphathiazole has produced a reduction 
m basal mcotmamide methochlonde ehmmation, 
but not by sulphathiazole 

3 Ormthme, prohne and S ammovalenc acid do 
not cause an mcrease of mcotmaimde methochlonde 
output m the rat 

4 Ormthme, and to a lesser extent argmme and 
glutamme, mcrease the formation of mcotmaimde by 
Bact coh Methionme and chohne, which are m- 
active by themselves, uicrease the mcotmaimde 
formation from omitlune by Bact coh, whilst hexa- 
methj lenetetramme is meffective m this respect 

6 The com^ersion of ormthme mto mcotmamide 
by Bact coh seems not to depend on mamtammg 
mtact the structure of the bacterial cell 
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6 Boot coh in pure culture does not convert 
tryptophan jnto nicotmanude, but mixed cultures 
from the content of the rat’s caecum perform this 
conversion 

7 The compound formed by bacterial synthesis 
is mcotmamide and not mcotimc acid 

8 The conversion of tryptophan mto mcotm- 
amide m the rat is discussed It is suggested tliat the 
mtestmal flora plays an important role m this 
process and that ormthme is an mtermediate m this 
conversion 
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To measure the abihty of survi%'mg tissue shoes to 
form glucuromdes of compounds such as menthol 
and phenol, Lipschitz & Buedmg (1939) determmed 
ether soluble compoimds givmg the ToUens colour 
reaction for glucuromc acid 'Wlulst tins procedure 
yielded valuable information m their hands, it is 
mconvement for routme purposes, and the lack of 
specificity m the colour reaction can be a serious 
d^advantage It must also be borne m mmd that 
not all glucuromdes are as ether soluble as that 
derived fi'om menthol De Meio & Amolt (1944), 
m their study of phenol conjugation by tissue 
shces, assumed the figure for combmed phenol given 
by the method of Theis & Benedict (1924) to repre- 
sent phenylsulphuric acid and phenylglucuromde 
As shown below, it is doubtftd whether the results 
of De Meio & Amolt (1944) have any bearmg on the 
problem of glucuromde synthesis 

It was considered that the study of the biological 
mechanism of glucuromde formation reqmred a 
sensitive reaction, specific for a glucuromde m the 
presence of a large excess of the hydroxy compoimd 
PoUowmg a suggestion made by Dr R T Wilhams 
(private commumcation), thepossibihty wasmvesti- 
gated of determinmg o-ammophenyl-^ D-glucuro- 
mde (W illiams , 1943) m the presence of firee o-a min o- 
phenol by the reaction described by Bratton & 
jMarshaU (1939) for the estimation of sulphon- 
amides If the reaction was carried out accordmg 
to their directions, m strongly acid solutions, the 
bluish pmk given by the glucuromde was slow to 
develop, and when it had reached its full mtensity 
an appreciable colour of similar shade was seen m 
parallel experiments with the free phenol By careful 
control of pH it was found possible, not only to 
shorten the period for complete colour development 
with the glucuromde, but to ehmmate mterference 
by free o armnophenol To avoid having to adjust 
the pH of the solution after removal of protems, 
methods of protem precipitation at the pH chosen 
for colour development were studied Apphcation 
of the complete procedure to the measurement of 
glucuromde synthesis by mouse hver shces is 
described below 

EXPERIMENTAL 

The colour reaction 

Diazotization and coupling with naphthylethylenediamme 
were earned out as desenbed by Bratton & Marshall (1939) 
To 2 ml of the test solution were added 1 ml acid or buffer 
followed at suitable mtervals by 1 ml of each of the 


folloinng 0 1 % NaNOj, 0 5% ammomum sulpbamato and 
0 1% napbtbylotbylenediamino dibydrocblondc In later 
expomnents, the concentration of NaNO™ vas reduced to 
half When 1 ml of X-HCl or N tncbloroacctio acid vas 
added to the reaction mixture, quantities of the order of 
100 fig 0 aminopbenol present as the glucuromde could 
readily bo distinguished from larger amounts of the free 
phenol by the pmk colour seen immediately after adding the 
couplmg reagent It was possible to detect much smaller 
amounts of the glucuromde if eolour development was 
allowed to proceed to completion, the process bemg acccler 
ated by warmmg, but under such conditions 100 gg free 
o aramophonol gave a strong pmk colour Table 1 shows the 

Table 1 Extinction coefficients, using different filters, 
of the azo colours produced by o-aminophenyl- 
glucuronide and by o aminophenol 

(Colour de\elopmcnt for 18 hr at 37° m presence of HCl 
12pg 0 ammophenylglucuromde (calc as free phenol) and 


120 pg 0 ammophenol Extmction coefficients measured 
mth Hilger Spekker absorptiometer ) 

Extmction coefficients 

A 

Ilford 0 

Ammophenyl 

"N 

filter no 

glucuronide 

0 Ammophenol 

601 

0 024 

0 053 

602 

0 076 

0 077 

603 

0168 

0 120 

604 

0 312 

0 202 

605 

0 432 

0 312 

606 

0 337 

0 322 

607 

0 160 

0 232 

608 

0 012 

0 048 


extmction coefficients with different filters m the Hdger 
Spekker absorptiometer after 18 hr colour development in 
HCl at 37°, and it can be seen that no filter permitted 
distmction between the two compounds Hfofd filter no 
606 (yeUow green) was selected for further work 
Freshly prepared aqueous solutions of pure o ammo 
phenol were colourless, but on standmg there was rapid 
formation of an ether soluble brown pigment giving 
appreciable readings m the Spekker absorptiometer 
Shakmg the solution m an atmosphere of Oj hastened pig- 
ment formation Interference fiom this source was greatly 
reduced or entirely prevented by adding ascorbic acid to the 
solution Ascorbic aoid itself had no effect on the colour 
reaction for the glucuromde The mitial reaction of o- 
ammophenol with HNOj gives a pale yeUow solution This 
colour does not register on the Spekker absorptiometer with 
Ilford filter no 605 

The effects of pH and temperature on the 
colour development 

Fig 1 shows the effect of varymg the pH on the com- 
parative mtensities of the colours given by o ammophenol 
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pH 

Fig 1 The effect of pH on colour development after different penods at 25° • — •, 12/zg 0 anunophenol as 
glucuromde, x — x, 120 pg free o anunophenol (no ascorbic acid present) Encircled pomts, pH adjusted Tvitli 
HCl, all others, phosphate buffer 


and its glucuromde after different penods at 26° Except 
for experiments at the lowest pH, m which N HCl was 
used, the pH was adjusted by addition of approximately 
JI phosphate buffer As elsewhere m this paper, the amount 
of glucuromde is expressed m terms of the o ammophenol 
content Above pH 2 26 no azo dye formation was seen 
with the free phenol after 4 hr incubation, the Spekker 
absorptiometer readmgs bemg accounted for entirely by the 
pigmented oxidation product Above pH 2 50 the mtensity 
of the colour given by the glucuromde fell sharply On the 
basis of these results it seemed that pH 2 25-2 60 was the 
most favourable region for determmmg o ammophenyl 
glucuromde m the presence of excess of the free phenol The 
use of agents other than phosphate for pH adjustment led 
to a similar conclusion From Fig 2 it can be seen that 
xnthm the desired pH region colour development was 
complete with the glucuromde m 2 hr at 25° In the 
presence of HCl, on the other hand, the colour had not 
reached a maximum after 6 hr mcubation Azo dye forma 
tion by the free phenol below pH 2 26 can be clearly dis 
tingmshed from oxidation alone at higher pH values m 
Fig 2 



Fig 2 The effect of pH on the rate of colour development 
at 25° •— •, pH 1 05 (HCl), x — x, pH 1 68 (phos 
phate buffer), 0 — 0 , pH 2 26 (phosphate buffer), 
A— A, pH 2 94 (phosphate buffer) 12/ig o anunophenol 
as glucuromde or 120 pg free o ammophenol (no nscor ic 
acid present) 
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Fig 3 illustrates the effect of temperature on the colour 
development at pH 2 25 In general, increasing thetempom- 

ture caused the maximum to he reached more qmokly, hut 
decreased the ultimate value, and fadmg occurred on 
prolonged mcubation at high temperatures Eaismg the 
temperature also mcreased the rate of oxidation of the free 
phenol m absence of ascorbic acid At 26°, couplmg of the 
diazotized glucuromde at pH 2 26 was as rapid as at 37°, 
and the former temperature was adopted for further work 



Fig 3 The effect of temperature on colour development at 
pH 2 26 •—•,16°, X — x,26°, 0—0, 37°, A— A, 
49° 12^ 0 ammophenol as glucuromde or 120 pg free 
o ammophenol (no ascorbic acid present) 

The absorption curve for the glucuromde under the 
selected conditions of colour development (2 hr at 25° and 
pH 2 25-2 50) was very similar to that shown m Table 1, 
and a straight-hne relationship was observed between the 
absorptiometer readings with Ilford filter no 605 and 
amounts of the glucuromde eqmvalent to 2-24 /ig o 
ammophenol 

Protein precipitation 

Solutions of sodium tungstate or tnohloroacetic acid 
brought to pH 2 25 did not precipitate proteins untd 
further additions of acid were made The presence of 
phosphate buffer at the same pH did away with the 
necessity of makmg the precipitant more acid Tungstic 
acid precipitated naphthylethylenediamme, but mixtures 
of tnchloroacetio acid and phosphate buffer proved satis 
foctory m giving protein free solutions in which the colour 
reaction could be earned out directly Tnohloroacetic acid 
was mthout effect on the colour reaction under these con 
ditions, m spite of the fact that used alone for colour de 
velopmcnt at pH 1 it gave vanable results for a known 
amount of glucuromde 

The effect of varying the o ammophenol concentration 
071 synthesis of the glucuromde hy mouse liver atices 

The shoes (about 10 mg dry wt ), suspended m bicarbon 
ate Ringer solution (^ebs A Henseleit, 1932), were shaken 
in an atmosphere of 5% COj m 0. at 37° The solution 
contained 0 02 m lactate (Lipschitz L Buedmg, 1939), 
0 001 M ascorbic acid and varymg concentrations of o 
ammophenol, but no sulphate, MgSOj being replaced by an 
equivalent concentration of MgCl, Glucuromde synthesis 
was determmed at varymg periods for each concentration 
of o ammophenol, shces from a smgle animal bemg used for 


each complete oxpenment The course of the synthesis in 
representatii e expenments is shown in Fig 4, results being 
expressed as mg o ammophenol conpigatcd by 1 g dry 
weight of slices Each point is the mean of three or four 
individual results 



Fig 4 The course of glucuromde synthesis by mouse liver 
slices m various concentrations of o ammophenol 
0 005%, 0—0, 0 0026%, •—•,0 00125%, 
X — X , 0 0005 % 

Vanations in the imtial slope may in part reflect indi- 
vidual vanation in the ability of the liver to synthesize the 
glucuromde, but this factor can hardly explam all the 
differences m the shapes of the curves shown in Fig 4 It 
appears that the rate of synthesis remained constant for 
2 hr m 0 0025 % o ammophenol Reduemg the concentra- 
tion caused the rate of reaction to fall off after mcubation 
for 1 hr Whilst m 0 0035% o ammophenol (results not 
shown) the reaction follow ed the same course as mO 0026 %, 
mcreasmg the concentration to 0 005 % caused an apparent 
decrease m the reaction rate This is m agreement wuth the 
results of Lipschitz L Buedmg (1939), who observed inhibi- 
tion of glucuromde formation by excess alcohol or phenol 

Assay procedure for mouse liver slices 

Into 25 ml comcal flasks fitted with rubber stoppers 
were measured 2 ml bicarbonate Rmger, contammg 0 02m 
lactate, 0 001m ascorbic acid and 0 0025 % o ammophenol, 
but no sulphate Ascorbic acid and the phenol were added 
as the Bohds, m that order The latter was purified by sub- 
hmation before use After passing a brisk stream of 5 % 
CO 2 m O 2 mto the flasks for 1 mm they were stoppered and 
placed m a thermostatically controlled water bath at 37° 
The contents were brought to atmo^heno pressure by 
momentary release of the stoppers Shces correspondmg to 
approximately 10 mg dry weight were dropped into each 
flask which was agam gassed for 2 or 3 sec before replacing 
the stopper Shakmg was commenced and contmued for 
1 hr The shces were then removed for determmation of the 
weight after drymg at 110° To the flask, 2 ml of a solution 
contammg sodium tnchloroacetate and phosphate were 
immediately added This solution was prepared daily by 
nmnng equal volumes of stock. M tnchloroacetate and M- 
phosphate, both adjusted to pH 2 26 The contents of the 
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flask were thoroughly mixed and poured mto a 10 ml centn 
fuge tube After centnfugmg, 3 ml of the supernatant 
flmd were transferred to another tube, and to it was added 
1 ml 0 06% NaN02, followed after 3 min by 1 ml 0 6% 
ammomum sulphamate and, after another 2 mm , by 1 ml 
0 1 % naphthylethylenediamme dihydro chloride The tubes 
were placed m a bath at 26° for 2 hr and the mtensities of 
the colours read with a Spekker absorptiometer against the 
reagents, usmg Ilford filter no 606 Liver shoes from normal 
mice gave zero readmgs after moubation in absence of o 
ammophenol, as did the phenol itself m the concentration 
used above when ascorbic acid was present Variation in 
a smgle hver m synthetic activity from shoe to shoe, how- 
ever, made it advisable to do determmations m quadrupli- 
cate (see below) 

Errors %n the assay 

To test the precipitation procedure, a large number of 
mouse hver shces were shaken m bicarbonate Rmger 
solution of the composition desonbed above except m that 
0 ammophenol was omitted After 1 hr the shces were 
removed and to 1 ml samples of the residual hquid was 
added 1 ml bicarbonate Rmger solution containmg o 
ammophenylgluouromde eqmvalent to 9 2 pg of the free 
phenol The removal of proteins and the colour reaction 
were earned out as desonbed The mean recovery m twenty 
two observations was 100 %, and the standard deviation of 
a smgle observation from the mean 7 % This figure takes 
no account of the variable error arismg from removal of 
shoes m an actual assay An overall measure of the vanable 
error m the assay procedure, moludmg that ansmg from 
vanation from slice to shoe in the synthetic activity of hver, 
was obtamed from the mdividual results in a senes of eight 
determmations, each done m quadniphcate, of the normal 
activity of adult mouse hver The mean activity was 0 37 mg 
o ammophenol conjugated/g dry wt /hr , and the standard 
deviation of a smgle observation from the mean 17 % 

The identity of the compound giving the 
colour reaction 

It was home m mmd that part of the 0 ammophenol 
might be conjugated with sulphunc acid during the meuba 
tion with hver shces, and that the conjugate thus formed 
might give the colour reaction for o ammophenylglucur 
omde o Ammophenylsulphuno acid was not available for 
study, but mdirect evidence suggested that, if formed 
durmg the mcubation, it did not mterfere m the final 
determination 

In experiments m which mouse hver shces were meubated 
with o ammophenol m Rmger solution contammg MgS04, 
the final readmgs were, if anything, shghtly lower than 
those obtamed With shces from the same animal m sulphate 
free Rmger This suggests that sulphate ion is not mvolved 
m the formation of the compound giving the colour re 


phonylgluouromde, studied by the colour reaction desonbed 
above, resembled phenylglucuromde m its stabihty to acid. 
The molar concentrations m these expenments were of the 
same order as those dealt with elsewhere m this paper, and 
excess acid was neutralized before proceeding with the 
appropriate colour reaction The compound givmg the 
colour reaction after moubation of o ammophenol with 
mouse hver shces was just as stable to acid as the authentic 
glucuromde In these expenments, the mcubation was 
done on a larger scale than usual and protem was removed 
with tnchloroacetio acid Samples were heated with HCl 
for varying penods, and excess acid neutralized before 
addmg the buffer for colour development It is considered 
unlikely that 0 ammophenylsulphuno acid would escape 
hydrolysis m such expenments This is confirmed by the 
work of Burkhardt & Wood (1929), who found that although 
0 ammophenylsulphunc acid was ‘rather more difScnlt’ 
to hydrolyze than phenylsulphunc acid, hydrolysis was 
detectable after bofimg for a few seconds m dilute mmeral 
acid They also showed that diazotization m n HCl led to 
loss of the sulphate group 

DISCUSSION 

De Meio & Amolt (1944) observed tissue slices from 
one of their strains of rats to conjugate phenol m 
sulphate-free Rmger solution Addition of sulphate, 
however, mcreased conjugation by liver, and the 
other stram of rats resembled gumea pigs (Bemlieim 
& Bemheun, 1943) m that this ion was obhgatory 
for phenol conjugation as deter min ed by their 
method of assay In the method of Theis & Bene 
diet (1924) combmed phenol is taken to be the 
difference between readings obtamed before and 
after hydrolj’^sis m 0 25 n-HCI for 10 mm at 100° 
If, as appears to be the case, De IMeio & Amolt 
(1944) carried out their hydrolysis m this way, their 
results did not mclude phenol conjugated with 
glucuromo acid, smee pure phenylglucuromde was 
unchanged after 10 mm at 100° m N HCl Unless 
some other acid-labile phenol derivative was 
present, the results of De Meio & Amolt must be 
considered to apply to formation of the sulphate 
only In this case it would appear that m one of 
their strains of rats the tissue shces either contamed 
or produced sufficient sulphate ion for a hmited 
degree of conjugation In our own procedure, 
synthesis of the compound givmg the colour re 
action for o ammophenylglucuromde was not stimu 
lated by addition of sulphate, and this ion was 
omitted as a matter of routme 


action 

A comparative study of the stabdities of phenylgluour 
omde and phenylsulphunc acid to acid, usmg the colour 
reaction of Folm &- Ciocalteu (see Kerr, Graham & Lev vy, 
1948), showed the former to be unchanged after 10 mm at 
100° m n-HCI, while the latter was completely hydrolyzed 
under these conditions In phosphate buffer, pH 2 26, the 
degree of hydrolysis of phenylsulphunc acid was 60 % after 
10 min at 100°, and 25% after 2 hr at 26° o Ammo 


SUMMARY 

1 Small amounts of o-ammophenylglucuronide 

can be dete rmin ed colorimetrically after diazo 
bizmg and couphng with naphthylethylenediamme 
Interference with the colour reaction by compara 
bively large amounts of o ammophenol can be 
ixcluded if the colour is developed at pH 2 25, and 
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oxidation of o aminophenol is avoided when 
ascorbic acid is present Trichloroacetic acid solu- 
tions brought to pH 2 26 precipitate proteins if 
phosphate buffer at the same pH is also presen^ 
perrmttmg colour development without further pH 
adjustment 

2 The colour reaction has been apphed to tne 
measurement of glucuromde synthesis by mouse 


glucubonidb synthesis 
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liver shoes Bates of synthesis of the order of 
0 7 mg 0 aminophenol conjugated/g dry weight o 
hver/lir were obtamed at the optimum concen- 
tration of 0 0026 % 

The authors msh to express their gratitude to Miss 
Lynda M H Kerr, who earned out determinations of the 
sUbihties of phonylglucuromdo and phenylsulphune aeid, 
and to D Love for teehmeal assistaneo 
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The Frequency Distribution of the Zinc Concentrations 
in the Dental Tissues of the Normal Population 

By D B CRUICKSHAIHv, S%ms Woodhead Memorial Laboratory, Papivorth, Cambridge 

{Received 10 June 1948) 


In earher work the author demonstrated the 
presence of zme m the dental tissues (Cnnckshank, 
1936) and studied the mcreases occurrmg m persons 
suffermg from active tuberculosis (Crmckshanlr, 
1940) The present paper deals with the way m 
which zme concentrations of dental tissues vary 
tliroughout the ‘normal’ population The experi- 
mental results mdicate that the population sampled 
was heterogeneous and divisible mto two (or three) 
groups, each with its characteristic zme concen- 
trations The significance of these findings is briefly 
discussed 

EXPERIMENTAL 

Population and material sampled Over a penod of years, 
the author coUeoted ‘sound ’teeth extracted, for orthodontic 
reasons, from secondary school children attendmg the 
Puhho Dental Chmo at Cambridge All speounens were 
carefully exammed and only fully calcified pre molars free 
from visible canes or defects were selected for analysis 

The children, boys and girls, ranged m age from 10 to 
17 years, 80 % faUmg between 12 and 16 years They can be 
regarded as a random sample of the pre adolescent second 
ary school population biased only m the sense that all had 
a degree of ‘overcrowded’ dentition calhng for orthodontic 
extraction 

Zinc determinations These were made by a modification 
of the dithizone extraction, femeyamde lodme titration 
techmquo of Sylvester A Hughes (1936) reduced to a micro 
scale in order to permit quadruplicate or qumtupheate 


analyses on the dentine and on the enamel of each smglo 
tooth specimen (Cnnckshank, 1948) The standard devia- 
tion of the 260 standards (20 pg ) run durmg the tests was 
±3 8% Interbatch variations were ehmmated by ‘batch 
scattermg’ the multiple analysis for each specimen The 
total number of zme estimations was about 1260 

Preparation of specimens Dentme The ‘root’ of each 
pre molar was cut off just below the crown with a fissure 
bur, dried to constant weight (106°), ashed m an electnc 
furnace overnight (500°), cooled and pulverized The four to 
five analyses were run on samples of this pulverized ash 
Enamel The ‘crown’ was first heated m the electnc 
furnace for 0 6 hr at 270° (pyrometer controlled) to char 
the dentme When cool the ‘neck’ was pressed hghtly mto 
a surface of plasticme, surrounded with a 1 in len^h of 
1 m diameter rubber tubmg, and the hole filled with plaster 
of Pans When set, the plaster containing and supportmg 
the ‘ crown ’ was removed and trimmed to expose the ‘ neck ’ 
The charred dentme was then cut out with a rose head bur 
The remammg enamel ‘cap’ was freed by makmg a cruci- 
form saw out mto the block and sphttmg apart, it was 
washed and ashed overmght (500°), and four to five 
samples of the pulverized ash were analyzed 
Mxaminahon of variables It was mtended to obtam 
experimental data for 100 persons but exigencies of the war 
reduced this to 70 The available data were first studied in 
relation to the known vanables of (i) sex, (u) age of the 
subject, (m) position, and (iv) condition of the specimen 
As already mentioned aU speounens were ‘pre molars’ (the 
zinc contents of mcisors, canmes, pre molars and molars 
differ to some extent) The ‘defectives’ were sound teeth 
with no canes but with enamel of shghtly less perfect 
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structure than average In view of the object of the 
expemnent some knowledge of the eflFeots of these accidental 
variables on zino concentrations was imperative 


RESULTS 

The results are summarized in Table 1 There is 
some suggestion of systematic effects, for example 
m dentme the zmc concentrations m males are 6 % 
greater than m females and m enamel the zmc 


1949 

by the enamel and dentme frequency curves it is 
clear that these ‘zones’ correspond to the M, T 
and O peaks already noted (Fig 1) These results 
are only suggestive, defimte proof of the existence 
of such subgroups must await more extensive and 
elaborate surveys 

Embryological factors Dentme and enamel arise 
from two distmct embryological layers, viz meso 
derm and ectoderm, their calcification is effected 
by two mdependent groups of cells, the odonto 


Table 1 Summary of zinc concentrations in the teeth of the not-mal population classified 

in relation to certain known variables 


Dentme Enamel 


r 

Males 

A 


Females 

' 

' 

Males 

A 


Females 


Tjpe of tooth 

Mean 

Zn cone 
(mg /kg ) 

No 

Mean 

Zn cone 
(mg /kg ) 

No 

1 

Mean 

Zn cone 
(mg /kg) 

No 

Mean 

Zn cone 
(mg /kg ) 

No 

All 

196 

33 

206 

37 

196 

63 

199 

46 

Normal 

194 

26 

205 

27 

195 

40 

194 

30 

Defective 

201 

7 

209 

9 

196 

13 

200 

10 

Uppers 

198 

17 

208 

20 

196 

22 

188 

23 

Lowers 

194 

14 

204 

10 

199 

17 

208 

17 

Age of subject (yr ) 
10 and 11 

179 

3 

186 

8 

177 

6 

190 

12 

12 and 13 

190 

12 

213 

26 

192 

24 

200 

31 

14 and 16 

193 

14 

189 

2 

200 

16 

191 

2 

16 and 17 

216 

4 

— 

— 

204 

0 

— 

— 


The 8 D ’s 

of all means he between ±20 

and 30 mg /kg 





concentrations of lower pre-molars are 16% 
greater than for upper pre-molars In both dentme 
and enamel zmc concentrations appear to mcrease 
with age, nsmg respectively 12 and 15 % durmg a 
period of 6 to 7 years, but m all these averages 
there is a wide scatter and a large degree of over 
lappmg The average zmc concentrations found m 
these experiments were some 20% higher than 
those found previously m a mixed adult popula- 
tion (dentme 178, enamel 162 mg /kg ) (Crmck- 
shank, 1936) 

Frequency distributions The observed zmc con- 
centrations were ranged m order of eiscendmg 
magmtude and the curves (Fig 1) plotted from a 
3 pomt movmg average across 6 mg /kg class 
mtervals That for enamel gives a peak at 200 
mg /kg {M) with subsidiaries at 170 mg /kg {0) 
and 220 mg /kg (T) Tliat for dentme is apparently 
bimodal with a major peak at 190 mg /kg and 
another well developed peak around 220 mg /kg 
{OT) 

A scatter diagram of the mdependently deter- 
mmed dentme and enamel zmc concentrations was 
next prepared and the frequency contours plotted 
(nsmg a movmg average across the 6x6 mg /kg 
two dimensional cells) There are tliree ‘zones’ of 
high frequency, two juxtaposed and the tliird dis- 
crete From the elevation of this ‘ surface ’ as given 



blasts and the ameloblasts There is therefore no 
apnon reason to anticipate a ‘normal correlation 
between the respective zmc levels of these two 
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caJcified tissues Because of this the ‘ abnormalities ’ 
of the fiequenoy surface and curves may have 
biological significance A suggested mterpretation 
IS that the population sampled was heterogeneous 
when classified m terms of the zmc concentrations 
of the two dental tissues exammed These irregu- 
lanties could not he accounted for m terms of the 
known variables described above 

DISCUSSION 

The mam mterest of the mvestigatvon hes m the 
demonstration of the possible existence of these 
population subgroups, other related work has 



ZINC IN DENTAL TISSUES 

persons suffermg from tuberculosis, m which con- 
dition there is evidence of mcreases m tooth zmc 
concentrations several years before any clmical 
manifestations of the disease appear (Crmclcshank, 
1940) Group T may therefore represent pre- 
tuberculoBis subjects or alternatively persons prone 
to that disease 

If, as seems possible, zmo plays some essential 
role m calcification processes, its variations m tuber - 
iculous and pre-tuberculous(l) persons would be 
imderstandable, for ‘calcification’ of the lesion is 
one form of resistance against the disease The 
therapeutic effects of zmc m tuberculosis are 
discussed by Ballard (1943) 

It IS of mterest to compare the results of the 
present experiments with those of an mdependent 
mvestigation mto serum alkalme phosphatase levels 
m normal and tuberculous persons (JIumaghan, 
1946) Utilizmg Mumaghan’s data. Fig 2 was 
prepared to show the strikmg resemblance which 
exists between the tooth zmo and serum phospha- 
tase distributions (note particularly the bimodal 
frequency curves) There is a further resemblance m 
that the zmc and phosphatase mcreases (in tuber- 
cidosis) are imaccompamed by any mcrease m 
serum calcium and phosphorus (Table 2) Such 
close parallelism can scarcely be accidental 
Subgroup C 18 not discussed m this paper as there 
IB as yet no experimental evidence of its nature or 
ongm 

STBBIABY 


Pig 2 Resemblance between the distnbutions of the tooth 
zmo (0 5 X (dentme + enamel veJues)) and serum alkalme 
phosphatase levels m the normal population and m 
persona suffermg from active tuberculosis (see also 
Table 2) 

already mdicated this possibihty (Cherry, 1924, 
1925, Crmckshank, 1939) If group M he taken as 
the mean type then group T differs from it m havmg 
a lugher zmc concentration m both enamel and 
dentme This is exactly the difference found m 


1 Tlie zmo concentrations m the dentme and 
enamel of pre molars of a group of seventy second- 
ary school children were detemuned by a modified 
dithizone femcyamde-iodme titration method 

2 After ehmmatmg secondary variables there 
remained an apparent irregularity m the frequency 
distribution mdicatmg possible division of the 
subjects mto one major {M) and two mmor [T and 
O') groups each m respect of their zmo concentra- 
tions One group (T) showed characteristics identical 
with those found m tuberculous subjects, cllarao- 
tenstiCB which are known to appear years before 
clmical manifestation of the disease , it is therefore 


Table 2 The relatwe speetflciiy of the dentine z%nc and serum alLahne phosphatase 

increases tn tuberculosis 


Scrum calcium (mg /lOO ml ) 

Serum morgamc phospborua (mg /lOO ml ) 
Alkaline phosphatase (muts/lOO ml ) 

Dentme aeb (g /lOO g ) 

Dentme zmc (mg /kg ) 


All the results are given as 
* After Mumagban (1946) 


Normal 

11 03 ±0 647 (130)* 
3 38±0 609 (130)* 
6 49 ±2 60 (130)* 

73 85±141 (41) 

178±21 (65) 


Tuberonlona 

10 36 ±0 6 (66)’ 

^ 38±0 49 (66)’ 
9 05±4 4 (66)’ 

73 81 ±211 (74) 
192 ±26 (76) 


Sigmfioant increase 

No 

No 

Yes {P=< 0 00006) 
No 

Yes (P =0 0007) 


niean±s d and (m brackets) no of specimens analyzed 
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suggested that group T may represent pre-tuber- 
culous or tuberculosis-prone persons 

3 The close correspondence which exists be- 
tween the tooth zmc and the serum alkahne phos- 
phatase levels, both m health and m tuberculosis is 
discussed, and it is suggested that the role of zmc 


1949 

m tuberculosis may be connected with calcification 
of the lesions 

I ^nsh to express my great mdebtedness to Mr W Baird 
Grandison and lus staff at Cambndge for very M and 
cordial co operation, and also to Jlr Sampson for his 
technical skill in preparing the enamel specimens 
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A Biochemical Study of Pseudomonas prunicola Wormald 

1 PECTIN ESTERASE 

By G BARBARA MILLS, The Biochemical Laboratory, University of Cambridge 

(Received 13 August 1948) 


Certam species of Pseudomonas are responsible for 
the production of canker m stone fruit trees 
(Wormald, 1930) Erikson (1945), workmg with a 
stram of Ps mors prunorum Wormald, showed that 
the pathogen penetrated the tissues of the host 
mtercellularly, plasmolysis of the cell contents and 
dismtegration of the ceU walls bemg followed by 
gradual mvasion by the bacteria This suggests that 
destruction of the pectic substances of the rmddle 
lamella of the host cells by extracellular pectic 
enzymes produced by the bacteria may play a 
primary part m facditatmg the mvasion of the 
tissues Consequently, an mvestigation of the 
pectic enzymes of organisms mvolved m this 
mvasion has been undertaken The present paper 
describes mvestigations of an extracellular pectm 
esterase secreted by Ps prunicola Wormald, an 
organism causmg a s imil ar disease m cherry and 
pear trees 

EXPERIMENTAL 

Organism For this work a stram of Ps prunicola, iso- 
lated from an infected pear tree at East Mallmg Research 
Station, was used This is a Gram negative, non sponng rod, 
fallmg mto Dowson’s Group n (Dowson 1939), the type 
species of which is Ps fiuorescens Migula 

Cultivation The organism was grown m Roux bottles on 
a medium consistmg of a tryptic digest of casern containing 
0 4 % citrus pectm and 0 01 % marmite Growth took place 
at 25° and lasted for 7-10 days 

Preparation of enzyme The cells were centrifuged off, and 
the enzyme m the supernatant flmd concentrated as follows 
8ohd (NH 4 ).S 04 was added to a final concentration of 40% 
saturation and the resulting precipitate discarded Further 


(NH 4 )jS 04 was then added to give a final concentration of 
90% saturation The precipitate, contammg the emyme, 
vas allowed to nse to the surface of the hqmd, and the 
flmd beneath siphoned'off and discarded The precipitate 
was collected and dialyzed for 24 hr m collodion sacs 
against r unnin g tap water The enzyme, now m solntion 
■within the dialyzmg sac, was precipitated by the addition of 
3 vols of methanol at room temperature, spread on a dish, 
and allowed to dry at 37° The dry precipitate was powdered 
m an agate mortar, such preparations of the pectin 
esterase can be kept mdefimtely For use, the powder was 
rubbed up m water (30 mg /ml), and the solution brought 
to pH 7 6 "With N-NaOH 

Substrate Throughout the work the pectm used was a 
commercial citrus pectm, which whs kmdly provided by 
Chivers and Sons, Ltd , Histon, Cambs This contamed at 
least 30 % mvert sugar, the methoxyl content of the powder 
was estimated by the gravimetno micro Zeisel apparatM 
and found to be 6 2 % For the enzyme studies a 3 /o 
solution, brought to pH 7 8 ■with x-NaOH, was used 

Estimation of activity A manometnc techmque was ns 
to estimate pectm esterase actmty Smee the action ® 
enzyme bberates acidic groups on de esterification, 6 
activuty can be followed by the evolution of COj 
smtable bicarbonate buffer The manometer cups contained 
0 5 ml of 0 3 m NaHCOj solution, 0 5 ml enzyme solution, 
and 1 0 ml pectm solution, and were Riled with a Ny 1 
gas mixture contammg 5 % (v/v) COj, at the expenmen a 
temperature (37°) this gave a pH of 7 8 

RESULTS 

Confirmation that the manometnc reaction sludi^ 
IS a de-estenjication In order to ascertain that e 
reaction studied is m fact the hydrolysis of an es r 
linkage, the relationship bet^ween the hberation 0 
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methanol and the production of carhoxyl groups 
(as measured manometrically ) was determmed For 
this purpose a series of manometers, each con- 
tammg 1 0 ml 2 % peotm, 0 6 ml enzyme, and 
0 6 ml buSer, were set up At mtervals after tippihg, 
the reaction m one manometer was stopped by 
addmg trichloroacetic acid to brmg the pH to 1 0 
After removmg the cup contents, sodium hydroxide 
was added to bring the pH to 6 0, and the methanol 
distdled m the Markham (1942) apparatus The 
methanol m a sample of the distillate was deter- 
mmed colorimetrically by Holden’s (1946) modifi- 
cation of a method ongmaUy used by Schryi^er & 
Wood (1920) Fig 1 shows that the production of 
methanol runs parallel to the hheration of carhoxyl 
groups 



Time (min) 

Fig 1 Relationship between methanol production and 
manometnc estimation of COj The manometer cups 
contamed 1 0 mL 2 % Chivers peotm, 0 6 ml emsyme 

solution and 0 6 ml 0 3M-NaHCOj , Methanol 

production, — — , COj output 

Control experiments, usmg pectm winch had 
previously been demethylated by cold 0 1 n sodium 
hydroxide, were set up, and were found to give no 
gas output The spontaneous demethylation of 
pectm at pH 7 8 is negligible 

Table 1 Relationship between growth medium and 
production of the adaptive enzyme pectin esterase 

Enzyme 

Gron-th medium contammg activity 

Glucose _ 

Galacturonio acid ^ 

Pectin ^ 

Pectm, previously demethylated by 0 1 N NaOH + 
Galactose _ 

Adaptive nature of the enzyme After subculture 
mto a medium containing no pectm, viz tryptic 
digest of casern -f glucose -fmarmite, the organism 
was sown mto the same medium, and after 7 daj^ 
of growth, the procedure for the preparation of the 


enzyme followed The resultmg powder when 
rubbed up with water had a neghgible demothyl- 
atmg action on pectm Wlien other carbohydrates 
were substituted for glucose m the growth medium, 
the enzyme activities found were os shoivn m 
Table 1 



Fig 2 Vanation m reaction velocity with enzyme con- 
centration The manometer cups contamed 1 0 ml 3 % 
peotm, and 0 6 ml 0 3 m NaHCOs 



Fig 3 Vanation m rate of reaction with concentration of 
citrus pectm The manometer cups contamed 0 6 ml 
0 3m NaHCOj (m the mam cup) and 0 6 ml enzyme 
solution (side bulb) 

Enzyme Linetics 

Vanation of reaction velocity with enzyme con- 
centration Fig 2 shows that the rate of the reaction 
IS proportional to the enzyme concentration over 
the range studied 

Substrate concentration The vanation of the rate 
of the reaction with the concentration of citrus 
pectm is shown m Fig 3 The concentration of 
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pectm reqvured to give a reaction velocity half that 
of the maxuniim velocity is 0 12%, and that 
required to give maximum velocity is 1 0 % These 
figures represent concentrations of 0 76 mg 
OCH3/IOO ml and 6 2 mg OCH3/IOO ml respec- 
tively 



Fig 4 Vanation m. reaction velocity 171111 pH The mano 
meter cups contamed 1 0 ml 3 % pectm and 0 6 ml of 
the required NaHCOs buffer solution (mam cup) and 
0 6 ml enzyme solution (side bulb) 



Fig 5 Variation of reaction velocity with temperature 
The manometers contamed 1 0 ml 3 % pectm, 0 6 ml 
0 33i-N'aHC03 (mam bulb) and 0 6 ml enzyme (side 
bulb) 

pH effect The use of bicarbonate buffer restricts 
the manometnc method to the pH range from 6 6 
to 8 1 The vanation of the activity of an enzyme 
solution, as measured by the mitial steady rate of 
gas output, was mvestigated over this range, the 
results are shown m Fig 4 All subsequent experi- 
ments were earned out at pH 7 8 

Effect of temperature The activity of the enzyme 
was tested at four different temperatures Fig 6 
shows the mcreaae of velocity with mcreasmg 
temperature The change m pH caused by the 
change m temperature is so small as to be neghgible 
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Substrate specificity of the enzyme As the action 
of the enzyme mvolves the sphttmg of an ester 
linkage, the specificity for vanous ester ImhR was 
mvestigated Samples of pectins from different 
sources were all attacked by the enzyme These 
mcluded British Drug Houses citrus pectm, ‘100 
grade’, with OCH3 content 4 2% as detemuned 
with the gravimetric micro Zeisel apparatus, 
Hopkins and Williams pectm (source unknown, 
4 0% OCHg), spray-dried apple jiectm (2 64% 
OCHg) and citrus pectm (6 2 % OCH3) 

With each of these pectins it was found that the 
enzyme split about 75% of the methylated ester 
linkages (with Hopkins and Williams pectm, 76%, 
British Drug Houses pectm, 79%, apple pectm, 
75%, and Chivers pectm 74%) 

Tlie jiectm cham consists of I 4 a-linked gaiact 
uronic acid umts, the carboxyl groups of which 
may be estenfied with methanol A sample of the 
methyl ester of a-methylgalacturomc acid was 
synthesized and tested as a substrate for the 
enzjune Neither this, nor a sample kmdly given 
by Dr J S D Bacon, was spht by the pectm 
esterase at a concentration of 8 6 mg ester/ml This 
fact might provide an explanation for the mcomplete 
ness of the demethylation by the pectm esterase 
preparation The enzyme preparation contains also 
a pectmase, which breaks the pectm Cham to yield 
reducmg material, presumably galacturomc acid or 
its methyl ester, or degraded fragments If some 
methyl ester were m fact produced m the course of 
a manometnc experiment, demethylation of the 
whole pectm molecule could hot be complete, as the 
ester is not attacked by the pectm esterase How 
ever, more recent work on the pectmase from 
Ps prunicoJa has shown that an enzyme solution of 
similar pectm esterase activity to that used m the 
above experiments possesses a very feeble pectmase 
actmty under the experimental conditions used, 
and that this activity could not explam the fact 
that 26 % of the methyl ester links are not broken 
by the pectm esterase Smce the micro Zeisel 
apparatus estimates both ethoxyl and methoxyl 
groups, some of the unbroken qgter haks may h® 
estenfied with ethanol, and the'^'iossibility exists 
that these cannot be attacked by the enzyme 
The enzyme preparation does not attack ethyl 
acetate or ethyl oxalate, but tnbutyrm, tnacetm, 
diacetm and monoacetm are all attacked The ch 
and mono-butymns weranot available for test The 
volumes of CO3 obtamed from the four glycerides 
tested were m each case less than theoretitm , 
viz tnbutyrm 66 %, tnacetm 71 %, diacetm 67 /ot 
monoacetm 76 % of theoretical Addition of further 
amounts of enzyme after the reaction had cease 
caused no further evolution of COj In order to see 
if the enzyme catalyzed the back reaction between 
glycerol and acetic acid, manometers were set up 
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contamuig 1 nil 16 % glycerol solution, 1 0 nil 
0 1 M-sodium acetate, 0 5 ml 0 3 M-bicarbonate 
Bolution and. 0 6 ml of tbe enzyme solution Occur- 
rence of the back reaction would have given rise to 
an uptake of COj from the system, but m fact no 
such uptake was observed Under these conditions, 
therefore, no back reaction takes place, so that the 
incompleteness of the de esterification cannot be due 
to the existence of an eq'uihbnum between the back 
and forward reactions 

A crude acetone-powder preparation from hver, 
which contamed an active esterase, had no pectm- 
esterase activity when tested by the manometnc 
method Consequently, hver esterase has no pectm- 
eaterase activity under these conditions, although 
the enzyme preparation from Ps prumcola has an 
esterase action on glycerol esters This could, how- 
ever, be due to the presence of esterases m the crude 
enzyme preparation, although the non-inhibition 
by diwopropyl fluorophosphonate does not support 
this view (see below) 

Inhibitora The rate of COj output remamed 
unchanged m the presence of 0 01 M-copper sulphate, 
potassium cyamde, ferrous sulphate, sodium azide 
and lodoacetate A final concentration of 0 0001 m- 
diwopropyl fluorophosphonate, which was suffiicient 
to cause 100 % mhibition of hver esterase, had a 
neghgible effect on the reaction towards peotm and 
tnbutyrm Tanmc acid (0 001 m), which is said to 
inhibit the action of pectmases (Kertesz, 1936), 
caused no inhibition of the pectm esterase reaction 
The enzyme and pectm solutions were subrmtted to 


dialysis against tap water and then distilled water, 
and the activity detennmed m the presence and 
absence of sodium cliloride and sodium oxalate, 
which have been reported as bemg necessary for 
activation of the enzyme from tomatoes (Hills & 
Mottem, 1947) Tlie velocity of the reaction was 
mcreased 20 % by 0 06 M-sodium cliloride, but was 
unaffected by 0 002 M-oxalate 

Further work is bemg carried out on the pectmase 
enzymes produced by Ps prumcola, and on the 
separation of the pectm esterase and pectmase 
enzymes 

SUMMARY 

1 A manometric method is described for the 
detenmnation of pectm-esterase activity, and has 
been used to mvestigate some of the properties of 
such an enzyme obtamed from Ps prumcola 

2 The exo-enzyme, produced by Ps prumcola, 
IS formed adaptively m response to growth m the 
presence of pectm, peotate, and galacturomc acid 

3 The enzyme preparation sphts off 76 % of the 
methoxyl groups (estimated by the micro -Zeisel 
apparatus) of various pectins, and also hydrolyzes 
tnbutyrm, triacetm, diacetm and monoacetm, to 
the extent of approximately 70 % It has no action 
on ethyl acetate, ethyl oxalate or the methyl ester 
of a-methylgalacturomc acid 

I wish to express my thanks to Dr M Stephenson, F R S , 
Dr R Hill, F R S , Dr E F Gale and Dr W J Dowson for 
their mterest and advice, and to the Agncnltnral Research 
Council for a personal grant 
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The Measurement of the Cytochrome Oxidase Activity 
of Enzyme Preparations 


By E C SLATER (British Cbuncd Scholar), The MoUeno Institute, University of Cambridge 

[Received 11 August 1948) 


Cjdoclirome oxidase has been defined by Keiim & 
Hartree (1938) as the enzyme responsible for the 
oxidation of reduced cytochrome c The activities 
of oxidizmg enzymes are usually measured by 
determinmg the rate of uptake m the presence 
of excess substrate This method is, however 
scarcely apphcable m the case of cytochrome 
oxidase smce the amount of reduced cytoclirome c 
roqumed to give a measurable uptake of Oj m the 

reducmg agent ^ cjdochrome 

Biochem 1949, 44 


types of manometers usually employed is too great 
(thus 3 3 ml of 0 1 % reduced cytochrome c 
requires only 1 1 ^xl Oj for complete oxidation) The 
rate of oxidation of c^ochrome o can be measured 
spectrophotometncally (e g Albaum, Tepperman & 
Bodansky, 1946), but the apparatus required is not 
always available Consequently an mdmect method 
IS usually employed m which the rate of O, uptake 
of the system 

— »■ cytochrome oxidase — Oj 


20 
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(the arrows mdicatmg the direction of hydrogen 
or electron transfer) is measured It is generally 
beheved that, under the conditions of the experi- 
ment, cytochrome c is reduced by the reducmg 
agent as soon as it is oxidized by the cjdochrome 
oxidase oxygen, and so the rate of O, uptake is a 
measure of the cytoclirome oxidase activity This 
method has frequently been employed m the study 
of the action of inhibitors on the cytochrome oxidase 
system, and it is often assumed, without further 
exammation, that any decrease m the rate of Oj 
uptake IS due to inhibition of the enzyme 

It has been shown (Slater, 1948 a, 1949 a) that 
treatment of heart-muscle preparation with BAL 
(2 3-dunercaptopropanol) causes the complete m- 
activation of the succimc oxidase system As 
cytochrome oxidase is a part of this system, the 
effect of BAL on this enzyme was also studied It 
was found that there was httle if any mlubition 
when ascorbic acid or hydroqumone was used as 
the reducmg agent m the measurement of the cjd-o- 
ohrome oxidase activity, but a considerable m- 
hibition (30—40%) if p-phenylenediamme was the 
reducmg agent To mvestigate this further, a study 
has been made of the factors mvolved m the 
measurement of cytochrome oxidase activity 
The present paper reports the results of this 
study Under the conditions usually employed m 
makmg this measurement, the rate of Oo uptake 
was found to depend not only on the cytochrome 
oxidase activity, but also on the concentrations of 
cytochrome c and reducmg agent, and on factors 
which affect the catalytic activity of the cyto- 
chrome c A procedure smtable for studymg the 
true activity of cytochrome oxidase, mdependently 
of these factors, is described A prehmmary account 
of some of the findmgs of this mvestigation has 
appeared elsewhere (Slater, 19486) 

METHODS 

Cytochrome oxidase The heart-mnsole preparation of 
Keilm & Haxtree (19476) was used 

Cytochrome c, containing 0 34% Fe, was prepared by the 
method of Keihn & Hartree (1946) The solution contamed 
6 7 X lO”*!! cytochrome c m 0 6% NoCl 

Phosphate buffer A Sorensen phosphate buffer, pH 7 3, 
was used 

Manometnc experiments were earned out m Barcroft 
differential manometers at 38° The reducing agent was 
added (by displacement of a danghng tube) at zero time, 
after temperature e(jnihbration Readmgs were begim 
3 or 5 mm after the addition In aU experiments the gas 
phase was air 

RESTJUTS 
Reducing agents 

Table 1 hsts various reducing agents commonly 
employed for the manometnc estimation of cjdo- 
chrome oxidase activity, together with their 


Table 1 Capacity of various reducing agents 
to reduce cytochrome c 

{Ef of cytochrome c=0 262 V at pH 7 3, 30° (Stote, 
Sidwell & Hogness, 1938 o) Initial concentratioiis re 
duemg agent, 0 05 m, oxidized cyt c, 6 x 10"' M The figures 
m the third column correspond to the eqmhbnum state 
after the reducmg agent has been oxidized by the absorp 
tion of 100 pi Oj Total voL 3 3 ml ) 

Cyt c m 
reduced 
form 


Eeducmg agent Ef at pH 7 3, 30° (V ) (%) 

Ascorbic acid 0 049 (Ball, 1937) 99 9 

Hydroqumone 0 266 84 4 

Catechol 0 364 (calculated from Ball 9 4 

L Chen, 1933) 

Adrenahne 0 364 (calculated from Ball 7 6 

L Clark, 1931) 


oxidation-reduction potentials at pH 7 3 It also 
shows the proportion of cytochrome c m the reduced 
form, at equihbrium, when the mitial concentration 
of reducmg agent was 0 06 m, that of oxidized 
cytochrome c was 6 x 10“® m, and the reducing agent 
has been oxidized by’^ the absorption of 100 pi Oj, 
the total volume of the solution bemg 3 3 ml It is 
obvious that catechol and adrenahne are not satis 
factory reducmg agents It was found, m fact, that 
the rate of 0^ uptake, corrected for blank (see 
p 307), of 0 06M-catechol, 6 x 10-»M-oytochrome c 
and enzyme preparation, was only 21 % that of the 
similarly corrected figure obtamed for the same 
concentration of hydroqumone m the presence of 
the same concentration of cytochrome 0 and the 
same enzyme preparation Unfortunately, the 0 x 1 
dation-reduction potential of p phenylenedianune, 
one of the most useful reagents for the detennma 
tion pf cytochrome oxidase activity, cannot he 
determmed at pH 7 3 Thus Clark, Cohen & Gibbs 
(1926) stated that ‘attempts to measure the system 
by which p phenylenedianune is the reductant were 
frustrated by the extreme instabihty of the system 
Fieser (1930) reported no success with measurements 
m solutions less acid than pH 6 Barron (1939) 
calculated, by extrapolation of the data of Fieser at 
acid reactions, that the at pH 7 0 ofp phenylene 
diamme would be -h 0 381 V , 1 e m the same region 
as catechol and adrenalme Stotz, Sidwell 
Hogness (19386), on the other hand, state thatp 
phenylenediamme possesses a much lower potentia 
than hydroqumone and is even capable of reduc^ 
cytochrome 6 (E',= -0 04ty) However, neither 
Borei (1946) nor the author has been able to con 
firm this reduction of cytochrome 6 

It must be emphasized that the figures given m 
Table 1 are theoretical, calculated from the oxida 
tion-reducljion potentials, assummg a ® 
dation of the reducmg agent, withwt 
reaction of the oxidized form Ball & Chen ( 
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pointed out that the substance with the higher 
oxidation-reduction potential can reduce that with 
the lower if the oxidized state of the former w 
unstable For example, adrenahne can reduce 2 6- 
dichlorophenohndophenol at pH 7, although ongi- 
naUy only about 0 1 % of the dye would be reduced, 
and the eqmvalent amount of adrenahne oxidized 


Boss «fc Friedenwald (1946) reported that cyto- 
chrome c had no effect on the oxidation These 
discrepancies are possibly due to^ differences m the 
amounts of impurities m the cytochrome c pre- 
parations used m the different mvestigations The 
cytochrome c-catalyzed oxidation of ascorbic acid 
IS probably not inhibited by heart muscle prepara- 

in the absence of enzyme 


Table 2 Rates of oxidation of reducing agents 


Redacmg agent 
Hydro quinone 

Catechol 

p Phenylenediamme 
Ascorhio acid 


(Phosphate buffer, 0 16 m, pH 7 3, total vol. 3 3 ml ) 

Initial rate of Oj uptake (pi /hr ) 

_ — 

‘Blank’ 
obtamed by 
extrapolation* 
m presence of 
6 X 10 “'m- 

Concentration 

f 

Cyt c 

With 

2 X 10“' M- 

With 

4 X 10“' M- 

With 

6 X 10“' M- 

(M) 

absent 

cyt c 

cyt c 

oyt c 

cyt c 

0 017 

107 

— 

— 

126 

— 

0 05 

294 

— 

— ■ 

303 

300 

0 017 

42 

— 

— 

61 

— 

0 05 

177 

— 

— ■ 

193 

196 

0 05t 

27 

— 

— 

43 

27 

0 0017 

24 

— 

— 

16 

— 

0 0086 

80 

— 

— 

63 

— ' 

0 017 

122 

— 

— 

81 

76 

0 026 

166$ 

91 

93 

101 

— 


♦ See Pig 1 and text, p 308 
t Correction for lower concentrations is negligible 

t Bate of Oj uptake in presence of heart muscle preparation (0 3 mg dry wt /ml ) =:80/d /hr 


The oxidized adrenahne qmckly decomposes and, 
m order to restore the equihbnum, more of the dye 
must be reduced In this way the reduction of the 
dye can proceed to completion A similar situation 
may exi^ with respect to the reduction of cyto- 
chrome c by p -phenylenediamme or adrenalme 
The reaction with adrenahne is very complex (see 
p 308) 

The reducmg agents listed m Table 2 are oxidized 
to a certam extent m the absence of the enzyme 
Tins so called ‘ auto-oxidation ’ is due to catal 5 rBi 8 by 
traces of heavy metals present m the reagents, and 
its magmtude depends on the purity of the re- 
agents and on the pH It must be determmed as a 
‘blank’ and subtracted from the total Oj uptake m 
order to obtam a measure of the cytochrome oxi- 
dase activity However, this ‘blank’ may not be 
the same m the presence of heart-muscle prepara- 
tion as m the buffer solution alone, e g the oxidation 
of ascorbic acid, wluch is catalyzed by traces of 
heavy metals (Barron, De Meio & Klemperer, 
1936-6), IS mhibited by heart-muscle preparation 
(see footnote to Table 2, and also Borei, 1946), 
probablj’’ because — SH groups m the latter react 
with traces of Cu++ present m the solution Table 2 
shows that it is also mhibited by small concentra- 
tions of cytoclirome c, although larger concentra- 
tions of the latter catalyze the oxidation Borei 
(1946) reported catalysis of the oxidation of 
ascorbic acid by cytoclirome c, but did not find 
any mlubition by small concentrations, Herrmann, 


tion, smce, accordmg to Borei (1946), it is not 
affected by diethyldithiocarbamate, a copper - 



Fjg 1 Method of calculating ‘blank’ by extrapolation 
to zero enzyme concentration. 0 017 M Ascorbic acid 
(neutralized), 0 15i4-pboapbate buffer, vol 3 3 ml. 
Ascorbic acid mtroduced from danglmg tube after 
eqmbbration Q , rate of oxidation m presence of 
6 X 10~®M cytochrome c and varying amounts of heart- 
muscle preparation, •, 6 x 10 ~®m- cytochrome c, no 
enzyme, ©, no cytochrome or enzyme (Note that the 
higher rates of 0, uptake compared with the figures given 
m Table 2 are due to the use of a different phosphate 
buffer) 

bmdmg reagent which strongly inhibits the copper- 
catalyzed oxidation of ascorbic acid 
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Probably the best method of deterrmnmg the 
true ‘blank’ oxidation is that of Sehneider & Potter 
(1943), m which the rates of Og uptake m the 
presence of a constant concentration of reducmg 
agent and cytoehrome c, but with varying concen- 
trations of enzyme, are extrapolated to zero enzyme 
concentration An example of this method is shown 
m Fig 1, and the values obtamed are mcluded m 
Table 2 With all four of the reducmg agents studied, 
these values are only shghtly different from those 
obtamed by direct measurement m the presence of 
cytochrome c and m the absence of enzyme All 
measurements reported m this paper have been 
corrected for the blank 



Pig 2 Oj uptake of adrenaline 0 16 m Phosphate buffer, 
3 3 ml total vol 10 mg sohd adren alin e added at 
(zero-6) mm by dislodging danghng tube, manometno 
measurements commenced at zero time 


Curve 

Concentration of 
cytochrome c 

(M) 

Concentration of heart- 
muscle preparation 
(mg fat free diy wt /ml ' 

1 

0 

0 

2 

6 X 10-' 

0 

3 

6x10-“ 

0 019 

4 

6 X 10-“ 

0 07 

6 

6x10-“ 

0 14 

6 

6 X 10-“ 

0 28 


Adrenahne is only slowly oxidized m the absence 
of cytochrome c or of cytochrome oxidase (Fig 2) 
The oxidation is, however, strongly catalyzed by 
cytochrome c, and the course of this reaction shows 
that the oxidation products of adrenahne strongly 
catalyze the latter’s oxidation at a rate which masks 
that due to the cytochrome oxidase system, when 
the latter is added Thus, addition of cytochrome 
oxidase decreases the imtial lag of the oxidation 
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which occurs m the presence of cytochrome c 
alone, but does not appreciably morease the 
maximum rate of oxidation This is cleeirly seen m 
Fig 3, where the uptakes m the first 6 mm and the 



Pig 3 Rate of 0. uptake of adrenahne m the presence of 
different concentrations of heart-muscle preparation 
(calculated from Pig 2) 6 x 10 “^m cytochrome c, 

0 16m phosphate, total vol 3 3 ml , 10 mg adrenahne 
Curve I, oxygen uptake between zero time (6 mm after 
adding adrenahne) and 5 min, curve 2, maxmium rate of 
Oo uptake 



Time (min ) 

Pig 4 Course of the Oj uptake of 0 017 m neutralized 
ascorbic acid (curve 1), 0 05 m p phenylenediamme 

(curve 2), 0 06m hydroqumone (curve 3), each m tne 
presence of 6 x lO-'^M cytochrome c and heart-mMOle 
preparation (0 28 mg /ml ) Total vol 3 3 ml , 0 M 
phosphate buffer Reducmg agents added at (zero-6) mm 

maximum rates of Og uptake are plotted agai^t 
the enzyme concentration Thus, although in 
presence of cytochrome c and enzyme, adrenatae, 
after an imtial lag, shows a constant rate of 3 
uptake, this measurement is useless for the meas^ 
ment of cytochrome oxidase activity The fact ® 
this rate of uptake is about the same as a 
obtamed with other reducmg agents m the presenc 
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of oytochrome c and the amount of heart muscle 
preparation usually employed m these studies is 
purely a comcidence, it is the reason "why this 
effect of cytochrome c and the oxidation products 
of adrenaline on the latter’s oxidation has not 
previously been observed 

The course of the 0* uptake with the other 
reducmg agents used is'^own m Fig 4 In the 
case of hydroqumone and p-phenylenediamme, the 
rate of Oj uptake decreased with tune, and the 
imtial rate, obtamed by extrapolation to zero time, 
was used as the measure of activity This decrease 
with tune is presumably due to the toxic action of 
the reducmg agent or of its oxidation product 
Ascorbic acid showed a shght lag, and the maximum 
uptake was obtamed 10-16 mm after the addition, 
and was then constant for the next 10-16 mm This 
constant maximum rate was used as the measure of 
activity 


Effect of cytochrome c concentration 

As has been pomted out by Keihn & Hartree 
(1940), the amount of oytoclirome c m the heart- 
muscle preparation is nearly sufficient to oxidize 
Buccmate at the maximal rate, the addition of a 
large excess of cytochrome c mcreases the rate of 
oxidation of succinate by only about 20% This 
shows that the endogenous cytochrome c of the 
heart-muscle preparation can be rapidly reduced by 
succinate (through mtennediate earners) and, more 
important m the present connexion, can be rapidly 
oxidized by the cytochrome oxidase Kedin & 
Hartree (1938) showed, however, that, with the 
exception of p-phenylenediamme, none of the 
reducmg agents studied was oxidized by heart- 
muscle preparation at an appreciable rate, unless 
cytochrome c was added Smee the oxidation of 
cytochrome c is common to both the oxidation of 
sucemate and of these reducmg agents, the dif- 
ference between the rates of oxidation of sucemate 
and of the reducmg agents must he m the relative 
rates of reduction of the endogenous cytochrome c 
It IS mterestmg to note, m this connexion, that the 
reduction by sucemate is an enzymic reaction, while 
that by ascorbic acid is non enzymic 

The rate of reduction of the endogenous C3rto- 
clirome c of the heart muscle preparation by 

0 025 ji-oscorbic acid was detennmed under com- 
pletely anaerobic conditions m the presence of 
OOImKCN The heart-muscle preparation con- 
tamed 2 3 X 10-^M cytoclu-ome c (Slater, 19496), 

1 e 2 3 X lO'S imcromole/ml and this was half 
reduced m about 25 sec at 20° If we assume that 
the reduction of cytocluome c is monomolecular 
It can be calculated that the mitial rate of reduction 
^ 3 8 X 10"- micromole cj-tochrome c/mm /ml of 
heart-muscle preparation Such a reaction would 
cause the uptake of 13 pi Oj/Iw /ml of heart-muscle 


preparation Owmg to the low concentration of the 
oytoohromes and their high catalytic activity, 
spectroscopic observations are usually made with 
the imdiluted heart-muscle preparation, while only 
0 02 ml of the preparation is taken m the mano- 
metric experiments Thus the rate of O3 uptake m 
the manometnc experiments due to this reaction 
would be 0 02 X 13 = 0 26 pi /hr , which is neghgible 
even when allowance is made for the higher tem- 
perature m the manometric experiments Under 
the same conditions, 0 06 M-p phenylenediamme 
reduced the endogenous C5rtoohrome c almost m- 
atantaneously ( < 6 sec ) 




Fig 5 A effect cf conccntTation of cytochrome c on 
the rate of oxidation of ascorbic acid m the presence of 
heart-muscle preparation Ascorbic acid, 0 025m, NaCl, 
0 0008m, 0 51 mg heart-musole preparation (wt of fat- 
free dried matenal), total vol 3 3 ml , Curve 1, 0 01m- 
phosphate buffer, curve 2, 0 066m phosphate buffer, 
curve 3, 0 146M-pho8phate buffer B, figures m A, 
plotted according to the procedure of Lmeweaver & 
Burk (1934) 


The rate of reduction of the cytochrome c of the 
heart-muscle preparation by ascorbic acid is much 
less than that of the same concentration of pure 
cytochrome c, which was reduced almost instan- 
taneously In this respect, ascorbic acid behaves 
^ cysteme, already studied by 


a. 


wio concentration of cytochrome c 
fo uptake of ascorbic acid (corrected 

for blank ) in the presence of beart-muscle pre- 

biifS,^^ T concentrations of phosphate 

buffer 18 shown m Fig 6A In Fig 6B these Wes 
lave been plotted accordmg to the proced^of 
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Lmeweaver & Burk (1934), i e the inverse of the 
activity against the inverse of the cytoclirome c 
concentration In Fig 6A,B, similar data are given 
for p -phenylenediamine oxidation m 0 16 M-phos- 
phate The difference between ascorbic acid and 
p -phenylenediamine is most clearly seen m Fig 7, 
which shows the result of parallel experiments 
obtamed with the same heart muscle preparation 
m 0 066 M phosphate 



Fig 6 A, effect of concentration of cytochrome c on the 
rate of oxidation of p phenylenediamme m the presence 
of heart-muscle preparation p Phenylenediamme, 
0 05 m, phosphate buffer, 0 16 m, 1 02 mg heart-muscle 
preparation (wt of fat- free dried material), total vol 
3 3 ml The curve has been extrapolated to the abscissa 
by assuming that the pomts faU on a rectangular hyper- 
bola B, figures m A, plotted accordmg to the procedure 
of Lmeweaver & Burk (1934) 

The endogenous cytochrome c, which can be 
reduced rapidly by p phenylenediamme but not by 
ascorbic acid, is much more active catalydically 
than sidded cytochrome c Thus, by the extra 
polation shown m Fig 6A, it was found that m 
0 16M-phosphate, the endogenous cytochrome c 
had a catalyrtic activity equal to that of 2 6 x 10 “®m 
added cytochrome c The actual concentration of 
endogenous cytochrome c was 2 8 x i e the 

^endogenous cytochrome c was about 100 times as 
active as that m solution (cf Keihn, 1930, Keilm & 
Hartree, 1940, 1946) The correspondmg ratio of 
activities m 0 066 M phosphate, calculated from 
Fig 7, was 40 It is not surpnsmg that the endo- 
genous cytochrome c should be so much more active 
than that added, smee the cytochrome c firmly 
bound to the particles of the heart-muscle prepara 
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tion IS probably m the most favourable position for 
the transfer of electrons to cytochrome oxidase 
The relative slopes of the two curves m Fig 7B 
show that whenp-phenylenediarmne is the reducing 
agent, not only is the endogenous cytochrome c 
more effective than is the case when ascorbic acid 
is used as a reduemg agent, but added c 5 tochrome c 
IS also more effective * It is important to note, 
however, that the activity at infimte cytochrome c 
concentration is mdependent of the reducing agent 



Concencracion of added cytochrome c (M) 

Fig 7 A, effect of different concentrations of cytochrome c 
on the rate of oxidation of ascorbic acid and p phenylene 
diamme Phosphate buffer, 0 066 m, 0 41 mg (fat-free 
dry wt ) heart muscle preparation, total vol 3 3 ml 
Curve 1, p phenylenediamme (0 06m), extrapolated asm 
Fig 6 A, curve 2, ascorbic acid (0 026m) B.figuresmA, 
plotted as m Figs 6 A and 6 A 

These experiments show that very large concen 
trations of cytochrome c are required for maxima 
activity of the cytochrome oxidase, especially when 
ascorbic acid is the reduemg agent and high con 
centrations of phosphate buffer are employed Thus 
it can be calculated from Fig 6B that, m 0 146 m 
phosphate, 10"®M:-cytochrome c (=16mg/ml)is 
required to give 90 % of the maximum activity 
This IS about 100 tunes the concentration of total 
protem contributed by the heart-muscle prepara 
tion itself, and obviously it would be quite impos 
sible to have such concentrations of cytoclirome c 
m the ceU itself This findmg is another example ol 

* This effect of reduemg agent on the 
added oydochrome c is nmoh more marked at 
phosphate than at 0 16m 
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the poor catalytic activity of cytochrome c m 
solution compared with that m the ceU In 0 01 M- 
phosphate, 1 2 x 10“* M-cytochrome c is necessary 
for 90 % activity It follows that it is impossible 
to measure directly the full activity of the 03^0- 
chrome oxidase present m 0 6 mg heart-muscle 
preparation by determining the rate of oxygen 
upteike m the presence of excess cytochrome c This 
can be done only by measurmg the activity at 
different c5rfcochrome c concentrations and extra- 
polating to m fini te concentration The concentra- 
tions of cytochrome c found m the present study to 
he necessary for maximal activity of the cytochrome 
oxidase are very much greater (about 10 tunes) than 
those found by Stotz, Altschul & Hogness (1938) 
and Borei (1945) This is probably due to the much 
greater activity of the heart-muscle preparation 
used m the present study The mhibitory effect of 
high cytochrome c concentrations on the oxidation 
of ^j-phenylenediamme by heart-muscle prepara- 
tion, reported by Borei, was not found m the 
present study 

Effect of phosphate concentration 

The effect of the concentration of the phosphate 
buffer on the rate of oxidation of ascorbic awid m the 
presence of a fixed concentration of cytochrome c 
and ascorbic acid is shown in Pig 8 The amount 
of ascorbic acid used was the same as that m Fig 6, 
and the amount of cytochrome c was the highest 
concentration used m Fig 6, the same enzyme 
preparation was used From Fig 5 B, the maximum 
activity (1 e at infinite cytochrome c concentration) 
can be calculated from the pomt at winch each 
straight hue mtersects the ordmate, which equals 
the mverse of the maximum activity The pomt 
at which the hne mtersects the abscissa equals 
— l/(cyt c)i, where (cyt c)j is the concentration of 
cytochrome c required for half maximal activity 
These quantities, calculated from Fig 6B, are given 
m Table 3, which also mcludes the activities m the 
presence of 6 x lO-^ir-cytochrome c The difference 
m the slopes of the hnes m Fig 6B at different 


phosphate concentrations shows how dangerous it 
IS to measure the activity at only one cytoclirome c 
concentration Thus, at all concentrations of cyto- 
chrome c shown m Fig 5, the activity m 0 146 m- 
phosphate was less than that m 0 01 M-phosphate, 
but the curves show that, if excess cytoclirome c was 
used, the activity of the cytoclirome oxidase at 
0 146 M-phosphate would be nearly double that at 
0 01m phosphate (Table 3) In order to measure 
the true actmty of the cytochrome oxidase it is 
necessary to measure the activity at different cyto- 
clirome c concentrations and extrapolate to infimte 
c5diochrome 0 concentration 



Fig 8 Effect of phosphate concentration on rate of oxida- 
tion of ascorbic acid (0 026 m) m the presence of cyto 
chrome 0 (6 x 10“®M) and heart-muscle preparation 
(0 164 mg fat-free dry wt /ml ) , total vol 3 3 ml 
O, activities measured under these conditions, •, acti- 
vities at infimte cytochrome c concentration, calciated 
from Fig 5 B 


Kedm & Hartree (1949) (see also Slater, 1949 c) 
have shown that the activity of the succmic oxidase 
system of the heart muscle preparation is dependent 
on the concentration of the phosphate buffer used 
Figs 6 and 8 show that the concentration of the 


Table 3 Effect of phosphate concentration on the cytochrome oxidase activity 
of heart-musde preparation 

{Q 02 measured at 38°, based on wt of fat-firee dried material ) 


(Cyt c)i -concentration of cytochrome c required for half maximal activity 




Qo^ 

A * 



Phosphate 

concentration 

(M) 

0 01 

0 065 

0 146 

At infimte 
cyt c 

concentration 

(d) 

1140 

3360 

2040 

In presence of 

6 X 10-®M- 
cyt c 

{B) 

960 

1840 

890 

B 

-jxlOO 

A 

83 

66 

44 

(Cyt c), 

(M) 

1 26 X 10-6 

6 4 X 10-6 

9 3 X 10-6 
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buffer IS also very critical so far as the cytochrome 
oxidase activity is concerned Wlien ascorbic acid 
IS the rediicmg agent, the concentration of phos- 
phate buffer has two separate effects (1) on the 
activity of the cytochrome oxidase itself, measured 
at infini te cytoclirome c concentration, the con- 
centration of phosphate buffer which gives optimal 
activity IS 0 065m, (2) on the cataljffic activity of 
added cytochrome c , this catalytic activity may be 
measiued either by the mverse of the concentration 
of cytoclirome c reqinred for half-optimal activity 
or by the mverse of the slopes of the straight hnes 
m Fig 6B The catalytic activity of added cyto- 
chrome c decreases rapidly with increase of 
phosphate concentration, and is optimal at low con- 
centrations Because the optimal phosphate concen- 
tration for tins second effect is different from that 
requited for the first, it follows that, as has already 
been mentioned, the effect of phosphate concen- 
tration depends upon the amount of cytocluome c 
used 



Fig 9 Effect of phosphate concentration on the rate of 
oxidation of p phenylenediamine (0 06 m) by heart 
muscle preparation in the absence of cytochrome c 
(curve 1) and in the presence of 6 x 10“®M cytochrome c 
(curve 2) 0 29 mg &t-free dry wt heart muscle pre 

paration/ml , total vol 3 3 ml 

Wheil ^i-phenylenediamme is the reducmg agent, 
m the absence of added cytochrome c, the second 
effect IS no longer operative, but the effect of phos 
phate on the catalytic activity of the endogenous 
cytochrome c must be considered In this case, this 
factor IS probably all important, except perhaps at 
high phosphate concentrations, smce the system 
operates far below its full cytochrome oxidase 
activity Tlie effect of phosphate concentration on 
the rate of oxidation of p-phenylenediamme by 
heart-muscle preparation, both m the presence and 
absence of cytochrome c, is shown m Fig 9 In the 
absence of added cytoclirome c, the optimum 


phosphate concentration is 0 08 m, and the curve 
IS much flatter than those already considered In 
the presence of added cytochrome c (6 x IQ-^m) 
the curve is similar to that obtamed with ascorbic 
acid 

Keihn & Heirtree (1949) found that the addition 
of denatured globm to heart muscle preparation 
caused a considerable mcrease m the succinic oxi 
dase activity, especially at low phosphate concen 
trationb , m fact, the mhibitmg effect of low phos 
phate concentrations is completely removed by the 
addition of globm It was found m the present 
study, however, that denatured globm had httle 
effect (it actually caused a shght inhibition) on the 
rate of oxidation of p-phenylenediamme by heart 
muscle preparation at any of the phosphate con 
centrations studied, either m the preseilce or 
absence of cytochrome c 




Fig 10 A, effect of ascorbic acid concentration on the 
rate of its oxidation by heart-muscle preparation (0 16 mg 
fat free dry wt /mL) in the presence of cytochrome c 
(6 X lO-'M) , total vol 3 3ml Curve 1, 0 005m phosphate, 
curve 2, 0 146 m phosphate Same heart-muscle prepara 
tion as Figs 6, 6 B, figures m A, plotted aocordmg to 
the procedure of Lmeweaver & Burk (1934) 


Effect of concentration of reducing agent 

The effect of the concentration of ascorbic acid 
on the rate of Og uptake at two phosphate concen 
trations is shown m Fig 10 The activity (®oj) ^ 
mfimte ascorbic acid concentration is 93 m 
0 146M-phosphate and 1990 m 0 066 M-phosp la 
The effect of different concentrations ofp phenylene 
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diamme 18 shovm m Fig 11 lathis case, the inverse 
of theji-phenylenediemune concentration is not pro- 
portional to the inverse of the activity 



Pig 11 EEFect of p phenylenediamine concentration on the 
rate of its oxidation by heart- muscle preparation (0 31 mg 
fat free dry irt /ml ) m the absence of cytochrome c 
(curve 1) and in the presence of 6 x cytochrome c 

(curve 2) 0 15 m phosphate concentratioru 

These results show that, even in the presence of 
the liighest concentrations of cytoclirome c used in 
this study, the activity depends on the concentra- 
tion of the reducing agent, and higher activities 
would be obtained by usmg higher concentrations 
of reducing agent * However, it should be noted 
that m the presence of 6 x 10-®M-cytoohrome o the 
activity at infinite ascorbic acid concentration is 
considerably less than the activity at infinite cyto- 
clirome c concentration, in the presence of a definite 
amount of ascorbic acid The concentration of 
cytoclirome c is therefore the hmitmg factor 

* There are practical disadvantages m usuig too high 
concentrations of reducmg agents, viz the high 'blanks’ 
often obtamed and, m some cases, the toxicity of the 
reducmg agents 


Effect of enzyme coneentTat%on 

The effect of two different enzyme concentrations 
on the rate of oxidation of ascorbic acid m the 
presence of different amounts of cytoclirome c is 
shown m Fig 12 



-ai 0 ai (M M M 
1/c («-) 

Fig 12 Effect of concentration of heart-muscle prepare 
tion on the rate of oxidation of ascorbic acid (0 025m) m 
the presence of different concentrations of cytochrome c, 
plotted according to the procedure of Lmeweaver & 
Burk (1934) Phosphate, 0 146m, total vol 3 3 ml 
Curve 1, 0 18 mg (fat ftee dry wb ) heart-muscle pre 
paration/ml , curve 2, 0 36 mg heaxt-muscle prepara- 
tion/ml 

Recommended procedure for me(X8ur%ng 
cytochrome oxidase activity 

As a result of the experiments described above, 
the following procedure for measurmg the cyto- 
chrome oxidase activity of the Keihn & Haxtree 
(19476) preparation has been adopted This pro- 
cedure should not be used with other preparations. 


Table 4 Recommended procedure for measuring cytochrome oxidase activity 
Contents of right hand flasks of the differential manometers 


Reagent 

Flask no 

Hcart-muscle preparation diluted 10 fold 
with 01 m phosphate buffer, pH 7 3 
Phosphate buffer, 01m 
Cytochrome c, 6 7 x 10~*m m 0 5% NaCl 
0 5%Haa 
Water 

Ascorbic acid (50 mg /ml neutralized) 
m dangbng tube 

Total vol 


Volume (ml ) 


1 

2 

02 

02 

20 

20 

0 1 

015 

02 

016 

05 

0 5 

03 

03 

33 

33 


3 

4 

02 

02 

20 

20 

02 

03 

01 

— 

06 

05 

03 

03 

33 

33 


6 

6 

— 

— 

22 

22 

01 

0 16 

02 

0 16 

06 

06 

03 

0 3 

33 

33 


7 8 


22 

22 

02 

03 

01 

~ - , 

05 

06 

03 

03 

33 

33 
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without first examining the effect of the various 
factors influencing the rate of Oj uptake 

One complete estimation requires eight mano- 
meters , four of these are, however, used for deter- 
mining the ‘blank* oxidation at each level of cyto- 
chrome c, and these measurements need only he 
made once for each batch of phosphate buffer and 
cytochrome c The nght-hand flasks of the dif- 
ferential mainometers are filled as shown m Table 4 
The left-hand flasks each contam 3 3 ml 0 066m- 
phosphate buffer, pH 7 3 KOH papers are not 
used 

The manometers, with flasks attached, are placed 
m a bath at 38“* and gently shaken for 15-25 min 
for temperature equilibration It is important that 
this shakmg should not be too prolonged as it 
causes mactivation of the enzyme The danghng 
tubes are then dislodged, and the mEtnometers 
rapidly shaken (at about 140shakes/rmn ) Readmgs 
are taken every 5 min for 35 mm The maximum 
rate of 0^ uptake, which usually occurs 10-16 mm 
after addmg the reducmg agent and is maintamed 
for a further 10-15 mm , is calculated If the 
maximum rates from the eight manometers are 
Ry, R^, ,Rs> tbe activities (v) may be calculated 
as shown m Table 6 
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m which Fe+-H-c 5 rt candFe++cyt c are the oxidized 
and reduced forms of cytochrome c Reaction (1) 
IS the non-enzymic reduction of cytochrome c, and 
reaction (2) is the enzymic oxidation 

Cytochrome oxidase preparations, to which cyto 
chrome c has been added, will catalj^e the oxida 
tion of any substance which can reduce cytochrome 
c sufficiently rapidly Keihn (1930) showed that 
cysteme is such a substance, and other thiols would 
be expected to behave similarly This has, mdeed, 
been shown to be the case with the dithiol, 2 3 
dimercaptopropanol (Webb & van Heynmgen, 1947) 
and with sodium diethyldithiocarbamate (Kedm Su 
Hartree, 1940) Ames & Elvehjem (1946) have 
foimd that cytochrome c-f kidney homogenate 
catalyzes the oxidation of glutathione, but beheve 
that this 18 due to the presence of a glutathione 
dehydrogenase Smce pure glutathione rapidly 
reduces pure cytochrome c, there does not seem any 
need to postulate the existence of such a dehydro 
genase In a later paper, Ames, Ziegenhagen (L 
Elvehjem (1946) claim to have shown that inhibi 
tors act differently on the systems mvolved m the 
oxidation of glutathione and ascorbic acid respec 
tively This question requires further mvestigation, 
smce Ames et al measured the rate of oxidation of 


Table 5 Calculation of cytochrome oxidase activities 
(c=cytochrome c concentration (m), t/=cytoehrome oxidase activity (corrected) ) 


(c) 

1/c 

Activity 


Activity (corr ) 


(M) 

(M-l) 

(uncorr ) 

Blank 

(^) 

Hv 

2x10-5 

0 6 X 105 


Ri 

Ri~Ri 

V{Ri-Ri) 

3 X 10-5 

0 33 X 105 

Rz 

R. 

Rz~Re 

mRz~R,) 

4 X 10-5 

0 25 X 105 

Rz 

Ri 

Rz-R, 

mRz-Rd 

6x10-5 

0 167 X 10' 

Ri 

Rs 

R.-Rz 

mRi-Rz) 


The values for l/u, when plotted against 1/c, 
should he on a straight Ime , if this is extrapolated 
until it meets the 1 Jv axis at X, then the cytochrome 
oxidase activity = 1/X 

DISCUSSION 

When a reducmg agent (RH)* and cytochrome c 
are added to a cytochrome oxidase preparation, two 
consecutive reactions occur, viz 

Fe+++ cyt c+-BH->Fe++ cyt C + JJ+H+, (1) 

Fe++cyt c-)-IOi + H+ cyt c + iH-O (2) 
Net reaciton JZH + 

* Smce the catalyzed rate of oxidation of a reducing 
agent is actually measured, the latter is often termed the 
‘substrate’ of the reaction. Such a temimology has been 
responsible for a confusion of thought, smce the only 
enzyme substrate m the two reactions is cytochrome c 
which 18 oxidized by its specific oxidase, cytochrome 
oxidase The reducmg agent is not the substrate of an 
enzyme, its function is to reduce cytochrome c by a non 
enzymic reaction. 


glutathione by determmmg the rate of Oj uptake, 
and used as enzyme an unwashed kidney homo- 
genate which has an appreciable endogenous re 
spiration and probably also contains an appreciable 
concentration of metals which nught catalyze the 
oxidation of glutathione and ascorbic acid More 
over, many of the inhibitors used, e g diethyldi- 
thiocarbamate, are themselves rapidly oxidized by 
tissue preparations m the presence of cytochrome c, 
and the degree of inhibition calculated will depend 
largely on the manner of correctmgfor this oxidation 
Tlie method of making this correction is not stated 
by these workers There seems to be no more 
evidence for the existence of a glutathione dehydro 
genase than for dehydrogenases activatmgp pheny- 
lenediamme, hydroqinnone, cysteme, ascorbic acid, 
etc 

It has been known for many years that tissue 
preparations are able to catalyze the oxidation o 
p-phenylenediamme Keilin & Hartree 
showed that the addition of cytochrome c to t e 
tissue preparation resulted m a greatly mcrease 
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rate of oxidation, and suggested that the oxidation 


m the absence of added cytochrome c was due to 
the cytochrome c present m the tissue preparation, 
it was considered that this cytochrome c was acces- 
sible to p-phenylenediamme but not to the other 
reducmg agents, smce the latter were not oxidized 
unless cytochrome c was added Keihn & Hartree s 
experiments did not exclude the possibihty that 
enzyme preparations contamed an alternative 
pathway for the oxidation of p-phenylenediamme, 
mdependent of cytochrome c and c3d>ochrome 
oxidase Stotz et al (19385) suggested that cyto- 
chrome 5 offered such a pathway, smce it could be 
reduced by p-phenylenediamme and the 6xidation 
of this compoimd by tissue preparations was, m 
contrast to that of hydroqumone, not completely 
mhibited by cyamde Smce Borei (1946), Laki 
(1938) and the writer have failed to confirm these 
findmgs, this explanation seems unlikely Another 
possible catalyst for the oxidation of p phenylene- 
diamme by heart-muscle preparation is a copper- 
contammg enzyme, like laccas6 It is, however, 
most unlikely that heart muscle preparation con- 
tains such an enzyme, smce substances such as 
catechol, winch are readily oxidized by laccase, are 
not oxidized by heart-muscle preparation The 
present mvestigation has provided strong evidence 
m favour of Keihn & Hartree’s view, viz that p- 
phenylenediamme is oxidized m the heart-muscle 
preparation only by the cytochrome c C5rtoclirome 
oxidase system This evidence is (1) the spectro- 
scopic observation that the cytochrome c m the 
heart-muscle preparation is much more rapidly 
reduced by p-phenylenediamme than by other 
reducmg agents, which explains the ahihty of the 
preparation to oxidize p-phenylenediamme m the 
absence of added cytoclirome c, (2) an abnormal 
heart-muscle preparation, which contamed very 
little cytochrome c, did not catalyze the oxidation 
of p-phenylenediamme, unless cytochrome c was 
added, (3) a kidney preparation, which did not 
rapidly oxidize succmate unless cytochrome c was 
added, also required the addition of cytoclirome c 
for the oxidation of p-phenylenediamme, (4) the 
actimty of the cytoclirome oxidase, measured by 
extrapolation to mfim te cytochrome c concentra 
tion, was the same when p-phenylenediamme was 
used as the reducmg agent as when ascorbic acid 
i\as used 

Stotz ct al (1938) and Borei (1946) have con- 
cluded that cj^oclirome c forms with cytochrome 
oxidase a dissociable complex of the same type as 
postulated by IMichaelis to occur between a soluble 
onzjmie and its substrate The only emdence on 
which they base this conclusion is that the effect of 
ci'tocliromo c on the activity can be described by 
the Iffichnehs-IMenten equation, which, when ex- 
pressed m the modified form of Lmeweaver & Burk 


(1934), postulates that the mverse of the activity 
bears a hnear relationship to the mverse of the^ 
substrate cohcentration However, it does not 
necessarily follow from such a relationship, which 
has also been obtamed m the present work, that a 
dissociable complex is formed, the only conclusion 
which can be drawn with vahdity is that the 
relationship velocity-substrate concentration is a 
rectangular hyperbola There are, m fact, several 
objections to the view of Stotz et al and Borei, viz 

(1) An assumption made m derivmg the Idichaehs- 
Menten equation is that the rate of formation and 
dissociation of the complex is rapid compared with 
its decomposition mto the products of the enzymic 
reaction It seems unli kely that such a rapid 
equihbnum would be established between the 
insoluble cytochrome oxidase attached to the 
particles of the heart-muscle preparation and 
cytochrome c of molecular weight 16,600 

(2) This view does not explam the fact that the 
rate of Og uptake depends upon the particular 
reducmg agent and on its concentration as well as 
on the concentration of cytochrome c Smce the 
sole function of this reducmg agent is to reduce the 
cytochrome c, it follows that the rate of reduction 
of cytochrome c, as well as its oxidation, is rm- 
portimt The rate of reduction would be augmented 
by mcreases m the concentration both of reducmg 
agent and of cytochrome c It is also much greater 
when p-phenylenediamme is used as the reducmg 
agent than when other reducmg agents are used 

(3) Accordmg to the Michaehs-Menten equation, 
the effect of substrate concentration (i e l/(cyt c)j) 
should be mdependent of the enzyme concentra- 
tion Fig 12 shows, however, that l/(cyt c)j is 
decreased 46 % by doublmg the enzyme concen- 
tration 

The effect of the cytochrome c concentration is 
therefore much more complicated than that postu- 
lated by Stotz et al and by Borei, even though, at 
any one enzyme concentration, the activities obey 
the Michaehs-Menten equation But this equation, 
which IS that of a rectangular hyperbola, merely 
expresses the findmg that at low cytochrome c 
concentrations the rate of Og uptake is propor- 
tional to the cytochrome c concentration, while at 
high concentrations the rate of O2 uptake becomes 
mdependent of the cydochrome c concentration and 
is dependent upon the activity of the cytochrome 
oxidase Such a relationship would be expected, 
for example, if the rate of reduction of cytochrome c 
was the hmitmg factor at low cytochrome c con- 
centrations Indeed, at a fixed cytochrome c 
concentration the relationship between the rate of 
O2 uptake and the ascorbic acid concentration is a 
rectangular hyperbola, and this can be explamed 
by assummg that the rate of reduction of cyto- 
chrome c by ascorbic acid is the hmitmg factor at 
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low ascorbic acid concentrations Tins cannot, how- 
ever, be the complete explanation of the effect of 
c 5 d;ochrome c on the rate of 02 uptake, smce the 
activity at a definite ascorbic acid concentration and 
infinite cytochrome c concentration is considerably 
greater than that at a defimte cytochrome c concen- 
Iratiop and infinite ascorbic acid concentration 
It IS probable that the rate of diffusion of cyto- 
chrome c to and from the cytochrome oxidase is a 
hmitmg factor at low concentrations of the former 
It has already been mentioned that the ascorbic 
acid IS unable to reduce rapidly the cytochrome c 
m the heart muscle preparation, although this 
cytoclirome c can be rapidly reduced by succmate 
and also, to a considerable degree, by p-phenylene- 
diamme It is likely then, that the cytoclirome c m 
the immediate vicmity of the c 3 d;oclirome oxidase 
can be readily oxidized by the oxidase, but cannot 
be easily reduced by eiscorbic acid The oxidized 
cytochrome c diffuses away and is replaced by a 
neighbourmg cytochrome c molecule, which has 
been reduced by the ascorbic acid m solution If 
the rate of this diffusion is a limi tin g factor, it would 
be understandable that the nearness of available 
molecules, which would depend on the cytochrome c 
concentration, would be important This would also 
explam why the rate of reduction would be impor- 
tant , the rate of reduction must be sufficiently rapid 
so that the few molecules of cytochrome c m the 
immediate vicmity of the cytochrome oxidase are 
rapidly reduced, the turn over rate would have to 
be very much more rapid than that which might be 
calculated from the observed Oa uptake and the con- 
centration of cytochrome c m the solution as a 
whole The rate of reduction of cytochrome c would 
be augmented by mcreases m the concentration of 
both reducmg agent and cytochrome c The 
importance of the reducmg agent is shown m 
Fig 7 B , thus the apparent Michaehs constant was 
equal to 1 2x of added cytochrome c with 

p-phenylenediamme and 6 1 x with ascorbic 

acid The maximum activity, at infimte cytochrome 
c concentration, was, however, mdependent of the 
reducmg agent The rate of reduction of cytochrome 
c m solution by the concentrations of ascorbic acid 
and p-phenylenediamme used is very rapid, and 
there is no evidence that p-phenylenediamme 
reduces such cytochrome c more rapidly than does 
ascorbic acid The greater effectiveness of low con- 
centrations of added o 3 rbochrome c m the presence 
ofp-phenylenediamme is probably due to the abdity 
of the latter to penetrate more closely than ascorbic 
acid to the added cytochrome c m the immediate 
neighbourhood of the cytochrome oxidase One 
must postulate some such difference between these 
two reducmg agents to explam the relative rates of 
reduction of the endogenous cytochrome c of heart- 
muscle preparation 
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Wlien the rate of reaction is dependent, not only 
on the activity of the enzyme system responsible 
for the oxidation of the cytochrome c, but also on 
the rate of supply of the reduced cytochrome to the 
system, it is not difficult to see that doubhng the 
enzyme concentration imght not double the rate of 
O 2 uptake (Fig 12), smce the extra cytochrome 
oxidase ‘molecules’ would compete for the supply 
of reduced cytoclirome c At infini te cytochrome c 
concentration, however, the rate of oxidation is 
exactly doubled 

The suggestion that it is the cytochrome c m the 
immediate vicmity of the heart-muscle particles 
which IS concerned m the reaction, not the cyto 
chrome c m the bulk of the solution, explains the 
apparently conflictmg observations that (1) the 0, 
uptake depends on the ascorbic acid concentration, 
suggestmg that the rate of reduction is a hmitmg 
factor, and (2) when ascorbic acid is addedto a solu 
tion of oxidized cytochrome c containmg a sus 
pension of heart-muscle preparation, the cytochrome 
c IS immediately reduced and remains reduced even 
when the solution is vigorously aerated Aceordmg 
to the above explanation, the cytoclirome c m the 
bulk of the solution would remam reduced, 
although that m the immediate vicmity of the 
particles of the heart muscle preparation was 
largely m the oxidized form When succinate is 
added instead of ascorbic acid, the bulk of the 
cytochrome c remains oxidized even though the 
succmic oxidase activity is less than that of oyto 
chrome oxidase This is because, m this case, the 
reduction of cytochrome c occurs not m the bulk 
of the solution, but on the particles of the heart 
muscle preparation 

The catalytic activity of the added cytochrome c, 
expressed by the value of l/{cyt c)i, is affected by 
(1) the rate of diffusion of cytochrome c to the 
oxidase, (2) the rate of reduction of cytochrome c 
by the reducmg agent, and (3) the accessibihty of 
the reducmg agent to the added cytochrome c m 
the neighbourhood of the cytochrome oxidase 
Phosphate concentration has a very marked effect 
on l/(cyt c)j, but httle if any effect on l/(asc acid)j 
(at least between 0 066 and 0 146 m) This suggests 
that it has httle influence on the rate of reduction 
of cytochrome c by ascorbic acid or on the accessi 
bihty of ascorbic acid to the cytochrome c, conse 
quently its effect on I/(cyt c)j must be due to an 
action on the rate of diffusion of cytochrome c to 
the oxidase, caused probably by an alteration of the 
colloidal particles of the heart-muscle preparation 

Tlie figures m the present paper show that the 
true activity (Qq,) of the cytoclirome oxidase mthe 
heart-muscle preparation, viz 3400, is much lugher 
than that previously reported by Kedm & Hartree 
(1947a), viz 1420 The reasons for tins discrepancy 
are ( 1 ) the activity measured by Keihn & Hartree s 
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method (6 4 x 10“® M cytochrome c, 0 iM-phosphate) 

13 less than half the maximal activity, and (2) the 
activities calculated by Keihn & Hartree are based 
on the -weight of the dried -whole preparation, -whde 
the figures m the present paper are based on the 
-weight of the fat-free dried preparation, -which is 
30 % less than the total -weight of the dried prepara- 
tion It should be noted that the 1947 preparation 
of Kefim & Hartree* is very much more active than 
the 1938 preparation, -which, accordmg to Keihn & 
Hartree (1938), has a Qqj of 181 -with p-phenylene- 
diamme, and 128 -with hydroqinnone This greatly 
mcreased acti-vity is due to the mtroduction, m the 
method of preparation m 1947, of precipitation -with 
acid at about 0° Most of the published work on 
cytochrome oxidase has been performed with pre- 
parations the same as, or similar to, the 1938 Kefim 
& Hartree preparation 

It has been pomted out above that faulty con- 
clusions regardmg the effect of treatments of the 
enzyme preparation on the cytochrome oxidase may 
be i-awn ff the acti-vity of the latter is measured at 
only one cytochrome c concentration An inhibition 
of the rate of 0^ uptake measured at one cyto- 
chrome c concentration may be due either to an 
inhi bition of the cytochrome oxidase or to an effect 
on the catalytic activity of the added cytochrome c 
Which of these two factors is affected can be deter- 
mmed only by carrying out the experiment at 
different 03^ ochrome c levels Such a procedure may 
also be necessary to detect a partial inhibition of the 
o-adase smce, at low concentrations of cytochrome c, 
this concentration and not the actmty of the cyto- 
clirome oxidase may be the factor limi ting the rate of 
O^uptake Kefim & Hartree (1938) pomted out that 
this was the explanation for the small effect of carbon 
monoxide on the rate of oxidation of p-phenylene- 
diamme m the absence of added cjdochrome c 

Borei (1945) has made a comprehensive study of 
the action of fluoride on the cytochrome oxidase 
system He found that fluonde, m fairly high con- 
centration, mliibited the rate of Oj uptake of 
various reducmg agents m the presence of heart- 
muscle preparation and cytoclirome c, but that this 
mlnbition disappeared on extrapolation to mfimte 
cjdocliromo c concentration Borei concluded that 
sodium fluoride mlnbits the rate of Og uptake by 
combuung v ith the cytochrome c and so competmg 
with the oxidase for its substrate However, he 
was unable to produce any direct e-^ndence for the 
formation of such a compoimd, smce there was no 
alteration of the absorption spectrum of cyto- 
chrome c or of its rate of reduction by reducmg 
agents when fluoride was added It is clear from 
the aboi o discussion that an altematn e explana- 

• Tins improved method of preparation, although not 
dc=:cnbcd until 1947, -svas used by Keilm &, Hartree in 1940 
vhen thci reported a crtochrome oxidase aetinty of 140o’ 


tion of the mhibitmg effect of fluonde on the rate 
of O2 uptake must bo considered, -viz that fluonde 
reduces the cataljdio activity of cytochr-ome c m 
the system, not by comb inin g "with cytochrome c 
but by an effect on the enzyme preparation, m much 
the same manner as that of phosphate It may be 
significant that, accordmg to Borei, the inhibition 
due to fluonde is mcreased by high phosphate con- 
centrations * The question whether the effect of , 
phosphate and fluonde is due to combmation at a 
specifio pomt m the cytochreme oxidase system, 
e g "With magnesium as is the case with enolase 
(Warburg & Christian, 1942), or is due to a non- 
specifio effect on the particles of the heetrt-muscle 
preparation, must await further mvestigation 

Most studies of en2yme kmetics have been made 
with a simple system consistmg of the enzyme 
protem and its substrate of small molecular weight 
The system reducmg agent + cytochrome c + heart- 
muscle preparation provides a useful method of 
studymg reactions between a substrate which is 
itself a protem and its enzyme, which is part of the 
macromolecular complex constitutmg the particles 
of the heart-muscle preparation Two conclusions 
of general mterest may be dra-wu from the present 
work (1) that m such a system the rate of diffusion 
of the protem substrate to and from its enzyme may 
limi t the rate of the reaction, and (2) that the 
protem substrate when attached to its enzyme may 
not be readily accessible to other reagents 

SUMMARY 

1 It has been found that, imder the conditions 
usually employedm determmmg cytochrome oxidase 
acti-vity, the rate of O2 uptake depends not only on 
the cytochrome oxidase activity but also on the 
concentrations of cytochrome c and reducmg agent 
and on the catalytic acti-vity of the cytochrome c 

2 A procedure smtable for stud3ang the true 
activity of cytochrome oxidase is described It is 
necessary to measure the rate of Oxidation at 
different cytochrome c concentrations and extra- 
polate to infinite concentration 

3 Most of the reducmg agents used for the 
estimation of cytochrome oxidase acti-vity reduce 
the cytochrome c present m the heart-muscle 
preparation so slowly that their rate offoxidation 
IS neghgibly small, unless cytochrome c is added 
p-Phenylenediamme, however, rapidly reduces this 
cytochrome c, and is rapidly oxidized by the heart- 
muscle preparation, this oxidation is, however, also 
strongly catalyzed by the addition of cytochrome c 
Tlie heart-muscle preparation does not possess a 
pathway for the oxidation of p-phenylenediamme 
additional to the cytoclirome oxidase system 

♦ Borei also found the inhibiting effect of increasmg the 
phosphate concentration in the absence of fluonde 



318 


E C SLATER 


4 Catechol and adrenaline, which are sometimes 
used as reducmg agents for the measurement of 
cytochrome oxidase activity, are not satisfactory 
for this purpose 

6 The concentration of phosphate buffer has a 
very important effect on the rate of oxidation of 
p phenylenediamme and ascorbic acid by heart- 
muscle preparation 

6 It IS probable that the added cytochrome c 
when attached to its enzyme cannot be readily 
reduced by ascorbic acid It is suggested that the 
effect of the concentrations of cjrtochrome c and 
reducmg agent on the rate of Oj uptake can be 
explamed by assuinmg that the rate of diffusion of 
cyliochrome c to and from its enzyme may limit 
the rate of the overall reaction 
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7 The effect of fluoride on the rate of Oj uptake 
found by Borei is probably due not to combination 
of oytoclirome c with fluoride, as suggested by 
Borei, but to an effect of fluoride on the particles 
of the enzyme preparation, causmg an impair- 
ment of the catalytic activity of added cyto 
chrome c 

8 The true cytochrome oxidase activity of 
Keilm & Hartree’s heart muscle preparation is 
expressed by a Qq^ (based on a fat free dry weight) 
of 3400 at 38°, which is much higher than previously 
reported 

I wish to thank Prof D Kedm, F R S , for his interest 
and advice, Dr E F Hartree for reading the manuscript, 
and the Bntish Council for a scholarship 
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Although dietary protem is certainly the source of 
body protem, the steps by which it is transferred 
from the mgested food to the tissues are stiU mcom- 
pletely known In particular, there is considerable 
doubt about the form m which protem is absorbed 
from the gut mto the portal blood stream, and the 

* Now at Medical Umt, Umversitv CoUece Hospital, 
London, W C 1 


April 1948) 

possible effect of the hver m altermg the prod^ta 
of protem digestion on their way to the tissues The 
tacitly accepted view is that the protem is 
pletely broken down mto free ammo acids m 
gut These are absorbed mto the blood stream an 
carried to the tissues, each of which withdraws sue 
ammo-acids from the blood as it may reijuim 
the synthesis of its own proteins This view is s®® 
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mainly on "fcliQ facts that the uitostmal onzymes arc 
able to break down protems mto ammo-acids, and 
that after a protem meal the level of blood ammo- 
acids rises (Van Slyke & Meyer, 1912) The nse 
m ammo-acid concentration m the ej’^stemic blood 
after protem mgestion does not, however, prove that 
the ammo acids are the actual compounds absorbed 
jfrom the gut, for, if the protem were distributed m 
the blood stream to the tissues m mtact or only 
partially degraded forms, the tissues, m takmg up 
these and convertmg them mto the required new 
protem, would presumably have to discard ammo- 
acids present m excessive proportions while re- 
tammg those required for the synthesis of new 
protem The unwanted ammo-acids would diffuse 
mto the blood and cause a similar rise m the total 
ammo acid concentrations That fragments of pro- 
tem, larger than ammo acids, are absorbed is 
suggested by a considerable amount of mdirect 
evidence (Verzar & McDougaU, 1936) We cannot, 
therefore, draw conclusions from changes m the 
blood ammo-acid levels unless we know which 
mdividual ammo -acids are mvolved, and whether 
the portal blood levels are higher or lower than 
those m systeimc venous blood 

Part of the difficulty m devismg experiments to 
decide between the possible explanations is un- 
doubtedly techmcal Owmg to practical difficulties 
m obtammg portal blood previous workers have 
usually limited their studies to the changes m 
systemic blood Such results necessarily provide a 
precarious basis, at best, for inferences regardmg 
the composition of the portal blood Furthermore, 
it has been impossible m the past to carry out even 
the most approximate quahtative and quantitative 
analyses of most of the mdividual ammo -acids m 
the blood, hence observations have been linuted to 
detemunations of total free ammo mtrogen which 
give no mdication of the composition of the ammo- 
ocid mixture Even greater difficulties are met with 
m attempting to detenmne the blood levels of 
nitrogen carried m the form of peptides (Christensen, 
Docker, Ljmcli, IMackenzie & Powers, 1947), mdeed^ 
no specific method for then assay m blood is as yet 
available 

It was decided to apply the techmque of paper- 
partition chromatography (Consden, Gordon & 
JIartm, 1944) to the analysis of blood obtamed 
during protem digestion Tins techmque permits the 
recognition of nearly all the ammo acids and peptides 
111 a mixture, and, besides bemg of exceptional 
specificity. It also allows of a rough quantitative as- 
sessment of the amounts of each ammo acid present 
Bv the use of the London cannula, portal blood can 
bo drawn for comparison with sj^mic blood By 
combining those techniques it was hoped to obtam 
more definite endonce than had been possible 
hitherto of the mechanism of protem absorption 


OF PROTEINS 

Ten teclmically satisfactory experiments are 
described m which dogs were given by mouth, 
casern, casern hydrolysate ( Ami gen), ground beef, 
human serum albumin, and dog whole plasma 
protem The latter protem was given m order to 
test the possibihty that homologous protem might 
be absorbed differently from foreign (i e hetero- 
logous) proteins 

Fortunately an exceptional opportimity arose to 
check the mam trends of the results by submittmg 
some of the samples to Dr H N Christensen for 
analysis for free, and m some cases also for com- 
bmed, a-ammo mtrogen His results are quoted 
separately m the addendum to this paper 


METHODS 


Oeneral 

The dog’s regular kennel diet was withheld from the morning 
of the day before until the experiment was over In each 
experiment, when possible, 100 g of protem were given It 



Fig 1 Diagram showmg the essentials of the 
partial gastrectomy operation 


ijuaaiuie oy stomaon tube wher 
flmd enough, by spoon, or by normal eatmg according to thi 
na^ of the meal Portal and jugular blood samples wer« 
collected just before the protem admmistration and agam 
1. 2 6 and 6 hr afterward Each time 16 mL were drawn 
and added to 0 2 ml of 1% heparm solution. The blood 
was centr^ged and the plasma separated, nsnally withm 
15 mm. of obtammg it No mga of haemolysis was seen. 
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Operative procedures 

Partud gastrectomy operation Mongrel dogs were selected 
that averaged 16 kg in weight Under nembutal anaesthesia 
and through a left upper rectus muscle-sphtting mcision, 
the peritoneal cavity was entered A classical Polya type 
of gastrectomy was performed with resection of about two 
thirds of the stomach, mcludmg the pylorus The stomach 
was anastomosed to the first loop of the jejunum after 
mobihzation of the duodenum with utilization of the f ull 
length of the gastric stoma, as mdicated m the accompanymg 
diagram (Fig 1) The anastomosis was performed openly 
and sdk techmque was used throughout The wounds were 
all closed m layers with mterrupted four zero sdk sutures 

Post-operatively the dogs were allowed water ad Itb the 
first day, milk and eggs until the fifth day, and then a soft 
cage diet of table scraps The weight of the ammals was 
followed carefully Most animals lost 10-16 % of their body 
weight and stabilized at this lower level Blood analyses for 
total protems, albumm glob ulin ratio, haemoglobm, red 
cell count, and non protem mtrogen were done at mtervals 
The a n i m a l s appeared normal m every way Their behaviour, 
appetite and activity were checked daily, and, m con- 
junction with the body weight, afforded a better mdev of 
the animals’ condition than the blood analyses 

Insertion and operation of the London cannula London’s 
(1936) ongmal techmque was used in the first 2 experrmonts 
This was a two stage operation where the first stage con- 
sisted of pamtmg the portal vem with lodme solution, and 
immob ilizing it by sewmg to the side of the adjacent part 
of the infenor vena cava Two weeks later the second stage 
was performed, namely suturing the cannula to the pamted 
area on the portal vem, and then wrapping it around with 
an elongated mass of excised free omentum The cannula 
was made from a no 16 lumbar puncture needle A small 
perforated cross piece was welded on the distal end as 
mdicated m the accompanjmg drawmg (Fig 2) Varymg 
lengths of cannulae could be used, depending on the size of 
the animal and the location of the portal vem The cannula 
was brought out between the lower nbs through a stab 
wound, care being taken not to open the pleural reflexion 
In the third and all subsequent experiments, a one stage 
procedure was used omittmg the lodme pamtmg and the 
immobilization of the portal vem, but otherwise operatmg 
as above Only one complete fadure to draw portal blood 
occurred m the use of this simplified techmque In addition, 
a correctly placed cannula, that had operated satisfactorily 
on one occasion, failed to draw portal blood when used for 
another experiment (see Exp 11) The position of the 
cannula was always checked carefully by post-mortem 
exammation of the animals In the X ray photograph 
(Fig 3), the general position of the cannula can be seen 
The thorotrast mjeoted mto the portal vem and famtly, 
outlining the portal radicals m the hver also serves to 
illustrate the method of withdrawmg blood from the portal 
vem 

The cannula was anchored at the skm with an encnclmg 
suture and a metal cup was placed over the external stab 
wound A jacket was then tied snugly around the trunk of 
the ammal to prevent the cup from shppmg, and to prevent 
the ammal from tearing the bandages and cannula with his 
teeth Liberal use of adhesive tape was useful for securely 
fastening the cup and jacket 

Post-operatively, the ammals showed httle reaction to 
the procedure They rvere able to move with fireedom m their 
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cages A full diet was usually tolerated the next day 
though, if not, milk and eggs were supphed The dressings 
were not changed imtil the time of the first expeninent, 
6 or 6 days afterwards 

It IS mtended to pubhsh thh techmque of carumla 
insertion m more detail elsewhere 

Ghromatographic analysis of blood 

Preparation of blood samples for paper chromatography 
Earher work on the apphcation of paper chromatography to 
protom contaming solutions had shown that although traces 
of protem (up to 0 6 %) had httle effect on the subsequent 
analysis, larger quantities mterfered senously, this being 
apparently related to the viscosity of the protem solution 
which acted as a mechamcal bamer to the smooth soakage 
of the solvents along the filter paper It was decided that 
ultrafiltration ought to be the best method for the remoyal 
of blood protem, and a few tnals showed that this could be 
readily adapted to deal with the blood samples m these 
experiments The foUowmg standard procedure was always 
used The apparatus was that described by Greenberg & 
Gunther (1929) The foUowmg modification of the method of 
preparmg the collodion sac was used collodion (U S P ) to 
which 4% (v/v) of ethylene glycol had been added, was 
poured mto a 16 ml centrifuge tube which was then 
emptied for 30 sec while holding it at an angle of 30° to the 
horizontal with contmual rotation It was then clamped 
upside down m a vertical position for 10 mm It was agam 
filled qmckly with the collodion and emptied as before It 
was now, however, dramed vertically overnight It was 
then held with the open end upwards, and two drops of the 
collodion allowed to drop down the middle to reach the tip 
directly This was then dried off qmckly by a hght blast of 
air and the tube held upside down for a few hours This 
extra reinforcement of the thickness of the tip was a very 
necessary precaution against subsequent teanng The col 
lodion bag now Immg the centrifuge tube was ready for use. 
If not used at once it could be kept safely m this situation 
for several months without apparently affeotmg its final 
eflScienoy When required, it was easy to pull it out of the 
tube and attach it to the apparatus Only a veiy shght 
contammation of the product with the ethylene gly^* 
would occur as most of the latter dramed off during the 
drymg and contraction of the collodion film No more thm 
1 m 20 of these sacs would burst or develop leaks dunng tM 
ultrafiltration They usually burst if the pressure was rai^ 
to 260-300 mm of Hg These membranes allowed mnhn 
(mol wt c 6000) to filter through quantitatively Cyto 
chrome c (mol wt 13,000) was, however, completely 
retained , 

Ultrafiltration procedure The ultrafiltration of 
heparmized plasma was earned out at a pressure of 16 
200 rnm of Hg, the whole apparatus bemg immersed m M 
ice bath About half of the volume of plasma taken wo^d 
be coUeoted as crystal clear protem free filtrate m 8 
Very httle more came through m a longer time, althoug , 
for reasons of convemence, the apparatus was usually ^ 
overmght The ultrafiltrates were kept at 4 for t e 
days while they were awaitmg chromatographic ana ysis 
This scale of operation was chosen for convemence o 
pulation, to ehminate to a negligible degree the possi 
loss of substances by absorption on to the collodiom ^ 
because other analytical methods requiring larger vo 
were envisaged As far as the paper chromatograp y 


•s 



321 


Vol 44 ABSORPTION 

concerned the whole analysis could have been earned out 
on less than one tenth of the volumes taken above 

Paper chromatography method Volume of ulirafillrate 
ialen The standard volume of 126 fd was taken through- 
out As this was too large a volume to apply directly to the 
paper it was always evaporated almost to dryness on a 
watch glass by blowing air over it at room temp by means 
of an eleotnc fan The residue was then transferred to the 
paper followed by 3 washings of the watch glass This 
volume was chosen as, by its use, a normal blood With 
NHj-N cone of A mg /lOO ml would produce on the 
chromatogram up .to 12 weak spots from the ammo acids 
present m greatest amount An morease of 60% m 
NHj N cone would be easdy picked up by the appearance 
of further ammo acids, as well as by a strengthening of 
those seen before The nmhydrm colour reaction as earned 
out on the paper becomes less sensitive at much higher 
concentrations of ammo amds and an mcrease of 60 % may, 
therefore, not be observed m such a case To compare 
high concentrations less ultrafiltrate would have to be 
taken to bnng the spots down to the more sensitive range 
Procedure Two dimensional chromatograms were used 
almost exclusively Phenol was used as the first solvent, m 
the presence of a trace of ISTHa vapour, and colhdme 
lutidme mixture m the presence of a trace of diethylamme 
as the second Further detads are given by Dent (1948) 
Distortions on the chromatogram The final positions 
occupied by aspartic and glutamic acids on the ohromato 
grams were always abnormal and the spots m question 
partly distorted into streaks This phenomenon was due to 
the presence of three substances which appeared as large 
yellow spots and which took precedence m the occupation 
of eertom areas of the paper with the result that the ammo 
acids wore left to surround the margins of these areas 
(Figs 4r-9) Glutamme was sometimes affected m a sunilar 
manner The interference was always similar m character 
Once, therefore, the new positions of the ammo acids had 
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name ‘ leu canes ’ It should be emphasized that the substance, 
moving to a position close to and just below alanine m the 
chromatograms as represented in this paper, was always 
shown to be glutamme and not the peptide ‘under-alanine’ 
(Dent, 1947), which also moves to the same place 

Method of recording strengths of spots The colour strength 
of each spot was recorded against an arbitrary colour chart 
divided into 10 parts A strength of 1 represented a very 
weak purple colour, 10 an mtense purple When the colour 
could not be seen directly, but was just visihle when the 
paper was viewed by transmitted hght, it was called ■‘i 1 
Colour strength of greater than 10 (recorded as > 10) or 
much greater than 10 (^10) were well mto the range where 
the colour reaction was much less quantitative The 
strengths of the yellow nmhydrm colours such as are given 
by prohne were assessed by plus signs 

Detection of peptides For the purpose of this paper a 
substance is called a ''peptide' if it moves to a oharBcter- 
istic position on the chromatogram not corresponding to a 
known substance, if it gives a typical nmhydrm colour 
reaction, and if it is destroyed on acid hydrolysis (see below) 
■with simultaneous hberation of free ammo acids Isolation 
and identification of peptides was considered to he beyond 
the scope of this paper 

■Whether or not peptides are detected when they are 
present m only amaU amount depends en'tiTely on whether 
they are present as only a few distmot members, say 3 or 4 
dipeptides, or as a very large number of di-, tn , and poly- 
peptides In the latter case a larger amount of peptide N 
co^d be undetected if it u'ere widely distnbuted about the 
paper, each peptide being present m too small a quantity to 
give a visible mnhydnn colour The only way ■to de'tect this 
would be by observing an otherwise unaccountable increase 
m free ammo acids after acid hydrolysis Such an mcrease 
could also occur, however, from other sources, e g from 
acyl denvatives of ammo acids such as hippuno acid There 
IS some mdireot evidence at least in the cases of aspartic 


been determmed, it was still possible to cany out satisfactory 
identifications although the rough quantitative estimations 
wore somewhat jeopardized 

Eecent work by Westall (1948) suggests that tiro of the 
joUow spots (A and C m Fig 7) are probably doe to 
morgamo acid and to sodium phenomde, respectively, 
formed by the separation on the chromatograms of the 
ions of morgamo salts The present writers have recently 
apphed the dc saltmg device of Consden, Gordon & Martm 
(1947) to plasma ultrafiltrates and have obtamed undis 
torted chromatograms from as much ns 625 /d This repre 
sents a considerable advance on the tecbmque as used m 
the present work 

Identification of amino-acids This was earned out by the 
usual methods (Dent, 1948), i o careful position matchmg 
with markers followed by confirmation that the substances 
w ere stable to hvdrolj sis, and, e'vcept for metluonme and 
cjstiiic wluch are oudized, were also stable to treatment 
intb H.O. Once one sample of fasting dog blood had been 
checked m this wrtv the identification thus obtamed was 
assumed to apply to the spots given bj fastmg blood from 
other dogs In the blood drawn after the protems had been 
fed oifii the serial sample wluch contained the highest 
XH. X concentration was checked, and this onlj by pnor 
hidroljsis and H.O. treatment It was not considered 
ucccs<;aT^ to tc check all the ammo acids with markere m 
Eu^ch coses Lcncmc and isoleucme, which overlap on the 
chromatograms, w ere alw a} s considered together under the 
Biochom 1949, 44 


and glutamio acids (Dent, 1947) for the existence of further 
members of this senes The findmg of such an mcrease m 
ammo acids on hydrolysis is more safely desonbed, there- 
fore, as being due to ‘bound ammo acids’ A hydrolysis 
■was performed on at least one of the ultrafiltrates of the 
blood samples from each experiment whether or not more 
direct evidence of the presence of peptides had been 
obtained It was estimated that bound ammo acids, if 
involvmg aU the ammo acids in similar rela'tive proportions 
to their occurrence m the free state, could be present 
contammg up to 20% of the total NHe N ■without hemg 
detectable on the ohromatograms On the other hand, if 
the bound ammo acids concerned only one or two members 
then the method would be far more sensitive These opimons 
are based on the results of experiments -with synthetic 
peptides and "with protems partly hydrolyzed by enzymes, 
acids and alkahs 

Acid hydrolysis of samples The sample (125 fj ) was 
mixed with an equal volume of concentrated HCl, sealed m 
a capdlary tube and immersed m bodmg water for 24 hr 
It was then transferred to a watch glass, evaporated to 
dx^Tiess at 60®, and the residue washed on to the filter 
paper, mth about 30 pi of water, apphed m several lots 


Exp 1 (dog 46 1) Casern, 28 January 1947, -wt 16 ki 
stage of cannula insertion, 10 January 1947, seco 
stage 24 January 1947 Casein (100 g ) damped with ahe 
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200 ml of water was fed by spoon Blood samples were 
apparently collected satisfactorily The dbg was killed after 
the 6 hr period The stomach was found to be full of casern, 
and also contamed some bandages, presumably from the 
dressmgs It was thought that the latter might have 
produced some obstruction to the further passage of the 
casern In view of the lack of absorption of the casern the 
blood samples were rejected 

Examination of the cannula msertion showed that the 
inferior vena cava contamed a senes of recent punctures 
while the adjacent portal vem was mtact Clearly the 
‘portal’ blood samples taken m this experiment were really 
of systemic ongm 

Exp 2 (dog 46 10) Casein, 17 February 1947, ivt 11 kg , 
first stage of operation 28 January 1947, second stage 
12 February 1947 Casern (100 g ) fed by spoon The blood 
samples were drawn without difficulty The dog was killed 
after the 6 hr penod. The stomach was found to contain 
37 g of apparently unchanged casern It is possible, there- 
fore, that the bandages were not the cause of the dola}’' m 
stomach emptymg found m Exp 1 It was as a result of 
this that the decision to do the pnor partial gastrectomy 
operation was taken. The cannula had been workmg verj' 
well in this experiment and only the portal vem had been 
pierced by the sampling needle 

Exp 3 (dog 46 32) Dog plasma, 24 March 1947, wt 

9 kg , partial gastrectomy operation 3 Juno 1946, cannula 
inserted 18 March 1947 (From now on tins was done by the 
one stage method, see p 320 ) Freeze dried (lyophdized) 
dog plasma protem (100 g ) made up to 400 ml with water 
was given by stomach tube Considerable gastro mtestmal 
disturbance resulted The dog vomited a large amount 

10 mm afterwards This was given back to the dog A further 
vomit 40 min later was also given back by tube A small 
amount of diarrhoea occurred 1 5 hr later This was 
rejected It was estimated that not more than 26 g m all 
of the ongmal protem could have been lost durmg these 
mcidents The blood samples were taken very satisfactorily 
It was, therefore, decided to use the same dog for the next 
experiment, and to repeat later the protem feedmg with 
dialyzed plasma, as the gastro mtestmal upset might have 
been due to the high salt content of the concentrated plasma 

Exp 4 (dog 46 32) Casern 28 March 1947, same dog as 
exp 3, wt now 9 6 kg Casern (100 g ) fed by spoon 
Blood samples taken satisfactorily, although on one occasion 
when perhaps the needle was inserted a little farther than 
usual, pure bde was withdrawn m the syrmge Uiine passed 
at 1 5 hr was collected At 4 6 hr the dog vomited 260 ml 
of bde stamed hqmd, contammg much mucus and a small 
amount of casern The dog was kdled after the 5 hr period 
The cannula was found to have been workmg satisfactordy 
and only portal blood had been drawn through it The gall 
bladder and bde duct were distended, presumably as the 
result of a stricture produced by adhesions around the 
cannula There was therefore some degree of bdiary 
obstruction, and it was easy to see how the sample of bde 
had been accidentally withdrawn The stomach and 
mtestmes were empty and normal m appearance The hver 
also appeared normal, sections were taken and found to be 
normal microscopically Blood analyses showed icterus 
index, 9 umts, bdimbm, 0 13 mg /lOO ml (dueot) and 
0 42 mg /lOO ml (total) 

Exp 5 (dog 46 178) Casern, 16 June 1947, wt 16 5 kg , 
partial gastrectomy operation 13 January 1947, cannula 
inserted 11 June 1947 Casern (100 g ) fed by spoon Blood 
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samples taken satisfactordy Dog was well throughout the 
experiment After the 6 hr period had been pass^ the dog 
was X rayed while thorotmst was bemg mjected through 
the cannula The picture (Fig 3) confirmed that the needle 
was inserted into the portal vem The dog was then killed. 
The cannula was seen to be well placed and the mfenor 
vena cava impunctured The stomach and mtestmes were 
empty except for a few small particles of undigested 
casern m the upper part of the small mtestme 

Exp 6 (dog 47 11) Dog plasma, 28 June 1947, wt 
13 6 kg , partial gastrectomy 20 January 1947, fannnla 
inserted 23 June 1947 Dialyzed and freeze dried dog 
plasma protem (100 g ) was made up to 400 mh with water 
and given by stomach tube Blood samples taken satis 
factordy Portal and jugular blood was also taken at 8 hr 
in tins experiment This animal did not vomit, but 1 5- 
2 25 hr after it had been fed by tube it had some consider 
able diarrhoea The dog excreted material which closely 
resembled the protein solution originally fed Fortunatelv, 
however, the dog avidly ate up at once everything he had 
passed, so that only a few g protem were lost The dog was 
kept for a further experiment 

Exp 7 (dog 47-11) Amigen, 3 July 1947, same dog as in 
Exp 6, wcU smcc then Hydrolyzed casern (Amigen, 
100 g ) stirred mth 300 g of warm water was given by 
stomach tube The dog appealed well throughout the expen 
ment The blood samples were taken satisfactorily and, in 
addition, a sample of unne passed at 4 hr The dog was 
kiUed after the 6 hr samples were taken At post mortem 
the correct position of the cannula was confirmed The gut 
was apparently empty 

Exp 8 (dog 47 60) Dog plasma, 23 July 1947, wt 
10 kg , partial gastrectomy 18 February 1947, cannula 
mserted 17 July 1947 The dog was given, by stomach tube 
m two equal portions 16 mm apart^ 800 ml of heparinized 
dog plasma This had been drawn from donor dogs two days 
pre%’iously and kept frozen sohd It contamed at least 
60 g of dry plasma protein From the 0 6 hr period after 
feedmg to 2 hr after, this dog vomited mtermittently The 
\omit was collected each time and given back by tube, at 
the most about 60 ml of the ongmal 800 ml bemg lost 
There was no diarrhoea The blood samples were taken 
satisfactorily After the last sample the dog was killed At 
post mortem the cannula was found to be correctly placed 
The stomach and small mtestme were empty, but the large 
mtestme contamed some semi hqmd faecal matenal T^ 
entue gut from stomach to rectum was carefully squeeze 
out The matenal measured 66 ml , appeared to be only 
faeces and contamed 1 6 g of total N, corresponding to 
about 10 0 g of total protem (N x 6 26) 

Exp 9 (dog 47 48) Human serum albumm, 1 August 
1947, -wt 11 kg , partial gastrectomy 24 February 
cannula mserted 26 July 1947 The dog was 
stomach tube 60 g human albumm (200 ml of 2o /o 
solution) at 0 hr and another 60 g 0 5 hr later The albumin 
was desenbed as ‘ concentrated salt poor human senM 
albumm’ (Sqmbb and Sons, New York) It contamed 1 /o 
of Dli acetyltryptophan as stabihzer The dog tolerated t 
dosage very well, appearmg hvely and well throughout, m 
marked contrast to the gastro mtestmal upset m 
expenments m which dog plasma was fed Blood ^ 
were taken satisfactorily Urme was passed at the 
the experiment, and a sample collected when the a 
was emptied at 6 hr The dog was kept for further expe 
ments 
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Exp 10 (dog 47 48) Denatured dog plasma, 6 August 
1947, same dog as m Exp 9 Heat-denatured plasma 
protem (80 g ) obtamed from donor dogs was fed by spoon 
quite satisfactorily About 0 5 hr later the dog vomited 
what appeared to be the entire amount of protem Hal f of 
this was fed back to the dog, but was agam vomited shortly 
after In view of the apparently complete intolerance to 
this substance the experiment was discontmued 

Exp 11 (dog 47 48) Ground beef (Hamburger), 
7 August 1947, same dog as m Exp 10, wt 10 5 kg Raw 
ground beef (500 g , c 105 g of protem) with the fat 
stripped off as much as possible before mmomg, was fed 
0 5 hr later the dog vomited some apparently unchanged 
meat mixed with mucus Some of this was eaten agam 
quickly The remamder weighed 192 g and was rejected 
Therefore at least 308 g contauung about 65 g of protem 
were retamed The blood samples were taken satisfactorily 
After the 5 hr penod the dog was kdled The post mortem 
showed that the end of the cannula had shpped from the 
portal vem The portal vem showed some brown pigmented 
spots where it had presumably been punctured the week 
before (Exp 9) On the other hand, the infenor vena cava 
showed recent red sta ining undoubtedly over the sites of 
recent needle pncks The gut was found to be fairly fid! of 
dark smelly hqmd This was considered to be a normal 
residue after eatmg meat 

Exp 12 (dog 47 67) Ground beef, 14 August 1947, wt 
18 kg , partial gastrectomy 8 Aprd 1947 , cannula mserted 
8 August 1947 Raw ground beef (600 g ) as fat free as 
possible was fed The blood samples were taken satis- 
factorily The dog was livelj’’ and well throughout the 
expenmcnt It was saved for further trials 

Exp 13 (dog 47 67) Human serum albumin, 16 August 
1947, same dog as m Exp 12 Dog was fed 400 ml of 
25% human albumin (same matenal as m Exp 9) by 
stomach tube This was well tolerated, the dog appeanng 
lively throughout Blood samples taken satisfactorily 
Unne was collected when the bladder was emptied at the 
beginmng of the experiment, and agam after 4 hr 

The dog was 8a\ ed for a further experiment on 20 August 
1947 (not reported hero) m which glutamic acid was 
fed After this experiment the dog was killed A post 
mortem then ga\o unequiiocal evidence that the cannula 
had been correctlv placed 


RESULTS 

A7mno acid analyses by one dimensional chromato- 
grams This method was used as a rough sorting test 
to detect potentially mtorestmg fluids IVlien one 
was found, eg the urine after feedmg human 
albiunm, the fluid was tested further on tvro- 
diinensional chromatograms (Tables 2 and 3) so 
there is no need here to state the result of the rough 
tost In the lumos obtained after feedmg casein 
(Exps 2 and 4) there uore no abnormal amino- 
acids detectable in the one dimensional cliromato- 
grams so no further tests u ere done Unfortunately, 
no urine was tested after the feeding of dog plasma! 
although It could hardh bo expected to have been 
abnormal, owing to the normal blood levels of 
annuo acids 
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Armno acid analyses using two-dimensional chro- 
matograms Those are summarized m Tables 1-3 
A senes of origmal chromatograms is much easier 
to mterpret than the tables A few chromatograms 
are, therefore, reproduced photographically or as 
diagrams m Figs 4r— 16 Tryptophan and hydroxy- 
prohne, although easdy detectable if present m 
sufficient quantity, have not been seen m any of the 
blood samples They are not, therefore, mentioned 
m the tables Asparagme is also ormtted although it 
has been found once (see Fig 11) There is consider- 
able doubt as to the identity of citrulhne The spot 
given m tins position by normal blood has the 
characteristic reddish purple colour of citrulhne, 
although there is not enough present to confirm the 
identity by the spot test with p-dimethylammo- 
benzaldehyde (Dent, 1948) It is possible, therefore, 
that the spot could have been due to )3 alamne, 
which moves to a sumlar position, although it 
usually gives a nmhydrm colour havmg a bluer 
shade In one hydrolyzed urme (Fxp 13, 0-4 hr ) 
the spot was certainly due chiefly to ^-alamne as 
there was sufficient quantity present to do the 
chemical test Reasons mentioned m the Discussion 
suggest that the mcrease m strength of the spot so 
often found after acid hydrolysis rmght always bo 
due to )9 alamne 

The order of the amino-acids m Tables 1-3 is 
roughly that m which they are spread out on the 
paper This order soon becomes familiar to workers 
usmg the chromatograms The numbers under each 
substance refer to the colour strength of the nm- 
hydrm reactions on the arbitrary scale of 10 They 
are of relative value only Tlie strength of the 
aspartic acid spot was often difficult to judge owmg 
to the distortion always present 

Analyses for a-amino nitrogen by chemical methods 
The foUowmg results were obtamed by Dr H IST 
Christensen with the methods described m the 
addendum to this paper 

Dog {Exp 4) Analysis of ultrafiltrate of vomit 
ejected 4 6 hr after givmg the 100 g of casern 
total a ammo mtrogen, 440 mg /lOO ml , free a- 
ammo mtrogen, 69 mg /1 00 ml 

Dog {Eosp 13) Analysis of urme passed just 
before human albumin was given, m mg a ammo 
mtrogen/100 ml total 63 1, free 16 0, bound 47 1 
The next urme specimen was passed 4 hr after the 
experiment had begun and contamed total 417, 
fi:ne 342, boimd 76 

Electrophoretic analysis of portal plasma after 
feeding human-serum albumin Human -ser um albu- 
min mjected mtravenously mto dogs can be readily 
detected m the plasma by electrophoretic means 
many hours after the mjection (McKee & AJlmg, 
1946) Dr Alhng loudly exammed m this way the 
portal plasma 2 5 lir after feedmg human-serum 
albumm m Exp 13 No peak correspondmg to 

21-2 


absorption of proteins 
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the human albumin was seen and the portal 
plasma at 2 6 hr matched m every respect the 
fastmg sample at 0 lir By this method, it was 
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on plasma protem content the specific gravity of 
the specimens of portal and jugular plasma was 
determmed by the copper sulphate method 



Fig 10 F,g 12 




Fig 11 

Figs 10-13 DiagramB of chromatograms obtamed during the feedmg of casern hydrolysate (Amigen) In these 

the size of the spots has been drawn to represent the strength of the nmhydrm colour The identifications can 
made from Fig 7 Aspartic and glutamic acids are, however, shown m these diagrams m their true positions, not in 
the distorted positions as m Fig 7 The three further spots m Fig 10 (see also Fig 11) marked m the centre wit 
crosses are, from right to left, cysteic acid (from cystme), asparagme, and methiomne sulphone (firom methionine) 
The spots outhned with a dotted lin e or shown by shadmg represent ‘peptides’ The materials run on ea 
chromatogram were Fig 10, 300 pg of Amigen, Fig 11, 126 pJ of the 1 hr portal blood ultrafiltrate. Fig > 
126 pi of the 1 hr jugular blood filtrate. Fig 13, 26 pi of the urine secreted in the first 4 hr of the experiment 


estimated that at least 10 g of circulatmg 
human-serum alburmn could be detected Hence 
of the 100 g fed httle if any could have been 
absorbed mtact 

Specific gravity of portal plasma As a rough check 


(Plulhps, Van Slyke, Dole, Emerson, Hamilton 
Archibald, 1946) No significant change m specific 
gravity was found on any of the specimens taken 
durmg Exps 6 (casern), 6 (dog plasma), and 
(human serum albumm) 
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Table 2 Levels of amino-acids tn body fluids 


(Figures indicate arbitrary units, see p 321 ) 


Exp 5 100 g ci^in (dry irt ) fed Exp 6 100 g dog plasma protein (dry wt ) fed 
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* Trace asparagine seen, 
t Tiro new spots also seen 
X Many peptides also seen 
§ One new qiot also seen. 



Table 3 Levels of ammo acids m body fluids 
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Summary of results given in Tables 1-3 

Casein Ingestion of this protein caused large 
rises m portal and jugular concentrations of amino- 
acids The highest concentration of ammo acids was 
obtamed m Exp 6 With the exception of glutamic 
acid, the rise m mdividual a mm o acids was con- 
sistent with what would be expected from the 
complete absorption of a casern hydrolysate (Figs 8 
and\9) It is remarkable that glutamic acid which 
occurs in casern to the extent of over 20 % should 
not mcrease more m the portal blood durmg the 
digestion As the two samples m Figs 8 and 9 were 
matched as to total amoimts of ammo nitrogen, 
clearly the excess of glutamic acid m Fig 9 has to 
be associated with a weakenmg of the spots duo to 
the other ammo acids 

The vomit obtamed m Exp 4, 4 lir after feedmg 
the casern, showed a very large concentration of 
ammo -acids and of peptides The free ammo 
mtrogen concentration could be roughly estimated 
as being about 20 times that of normal blood 

Ga6ein hydrolysate {Amigen) As expected, 
mgestion of tins was followed by large rises m portal 
ammo acids and only slightly smaller rises m the 
jugular blood No appreciable synthesis of protem 
or of peptides by the mtestmal mucous membrane 
could have occurred The rate of absorption was 
only shghtly faster than m the case of unliydrolyzed 
casern Tlie passage of this substance tlirough the 
bodj’' can be seen best m the diagrams m Figs 10-13 
The origmal Amigen contains ‘peptides’ as can be 
seen more readily than on Fig 10 by runmng 
chromatograms on larger amoimts of Amigen or on 
concentrated fractions The ‘peptides’ tend to 
concentrate m the mme, relative to the amounts of 
free ammo acids excreted (see also Cliristensen, 
Lynch & Powers, 1946) The figures also show well 
the mvanable action of the kidneys m retammg 
preferentially the essential ammo acids and not so 
well the unessential For instance, leucme is present 
m relatively smaller quantity m the urme than m 
the blood, glycme m relatively larger amounts 

Ground beef [Hamburger] Ingestion of this also 
resulted m large mcreases m portal ammo-acids 
The peak of digestion at 2 6 hr , however corre- 
sponded to a lower concentration of ammo acids m 
the portal blood than was found after feedmg 
eqmvalent amounts of any of the other protems 
There was evidence of a httle bound ammo mtrogen 
m the blood collected at this time The pecuhar 
composition of the 1 hr specimen is also worthy of 
note There was a nse m the concentration of some 
ammo acids, accompanied by a fall m the concen- 
tration of others, thus makmg an estimate of total 
ammo mtrogen change much more difficult If a 
change did occur m total ammo mtrogen it could 
not have been appreciable 



Ref 188A 

© 

0 

0 

0 

0 

0 

0 

0 




Fig 16 

Figs 14 and 16 Diagrams of the chromatograms from the 
urmes of Exp 13 (human serum albumm feedmg) The 
same conventions have been used as m Figs 10-13 The 
three small spots above each other along the left-hand 
margm of Fig 16, and the two correspondmg ones of 
Fig 14, represent unkn own ammo acids, the middle one 
18 m the position occupied by ‘fast arginme’, a basic 
ammo acid already found m other sources (Dent, 1948) 
The spot marked with a cross is beheved to be due to 
methylhistidme The material analyzed on each chromato 
gram was Fig 14, 25 pi of the urme passed just before 
the experiment was begun, Fig 16, 26 pi of the unno 
secreted m the first 4 hr of the experiment Note t e 
gross ammo aciduna and peptiduna m Fig 16 

Human serum albumin The rise m ammo acid 
concentrations m the portal blood m Exp 13 wM 
the lughest of any of these experiments (Fig 
Even at this concentration of digestion products, no 
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peptides were detected There was, however, some 
bound ammo nitrogen The urme showed spectaoular 
changes (Figs 14 and 16) There was a gross amino- 
aciduria, at least four definite ‘peptides’ were 
present and the excretion of glutamic acid was 
phenomenally high There were also some unknown 
ammo acids and on hydrolysis a large rise m the 
content of histidme and of p-alatune occurred The 
large amount of ^ alanme, which gave no colour 
reaction with p-dimethylammobenzaldehyde, al- 
lowed of a definite distmction from citruUme This 
evtraordmary picture was exactly reproduced 
quahtatively, although m shghtly less concen- 
tration, m the other experiment (Exp 9) m which 
human serum albmnm was fed more slowly to a 
different dog 

Dog whole-plasma protein Ingestion of this 
protem was not followed by any appreciable changes 
m the portal blood levels of ammo-acids The 
contrast between tliis result and those obtamed 
with other protema is defimta and unambiguous 
The best exjiermient techmcally was Exp 6 because 
all the 100 g of protem fed was retamed, and the 
portal blood was followed for 8 hr altogether 
There seemed to be a shght but defimte fall m 
plasma ammo acid concentration m the middle 
specimens Tliere was a shght rise m ammo -acid 
concentration towards the end of Exp 8 This was 
much less than m any of the experiments feedmg 
other protems It may, however, be that this does 
represent shght digestion of the protem In this 
experiment the gut was confirmed to bo almost 
empty 6 lir after the feedmg, so there is no question 
of the protem havmg remamed m the gut unchanged 
and luiabsorbod 

DISCUSSION 

The results obtamed here show that large rises m 
the concentrations of many ammo acids occur m 
the portal blood of the partially gastrectormzed dog 
after ingestion of casern, casern hydrolysate, groimd 
beef and human serum albumin In marked con- 
trast to this, liowoi or, m the tliree experiments m 
vlucli dog V hole-plasma protem was given, only 
rolntnoly insignificant changes were found m the 
jiortal blood, although in one dog it was shown 


329 


small quantities and do not change appreciably 
durmg the experiment The first group comprises 
the ammo -acids commonly found m protem hydro - 
Ijrsates This group is not completely accounted 
for, smce hydroxyprohne and tryptophan, which, 
present m small amounts m the protems fed, would 
be expected to occur only m low concentrations, 
were never detected, and smce methionme and 
cystme were not looked for systematically 
Methionme sulphoxade, although not thought to 
occur m protems, was detected and appeared also 
to belong to this group (Exps 5 and 7) The second 
group comprises a- and y-ammobutyric acids and 
perhaps glutamme The third group comprises 
taurme, citrulhne (and/or )3 alanme) and the 
umdentified ammo acid ‘feist ammohutyrio acid’ 
The amm o acids belongmg to the first group are 
mterpreted to represent the most important, 
possibly the only, compounds by which the 
ongmal protem is transferred from the gut mto 
the portal blood prior to its dehvery to the hver 
and tissues This view is beised partly on the fact 
that these ammo-aoids are those which are hberated 
by hydrolysis of the protem m question In one 
experiment (Exp 6) m which casern was fed, it was 
further possible to show chromatographicaUy that, 
with the exception of glutamic acid, the nse m con- 
centration of each of the ammo -acids corresponded 
roughly to what would be expected when the 
appropriate amount of the protem hydrolysate was 
added to the fastmg blood (see Figs 8 and 9) 
Further suggestive evidence that the excess of 
atmno-acids found m the portal blood represents the 
products of protem digestion and absorption is to be 
obtamed by comparmg the portal blood levels with 
those m systemic blood Chromatographic analysis 
showed that m the casern experiment (Exp 2} the 
portal blood had defimtely higher concentrations of 
ammo acids than the systemic blood although there 
were no significant quahtative differences The same 
result was obtamed after feedmg casern hydrolysate 
(Exp 7, and Figs 11 and 12) where there could be 
less doubt that absorption as ammo -acids was takmg 
place TJiese chromatographic results are supported 
by the more numerous and accurate quantitative 
anal 5 'ses of Christensen (Addendum to this paper), 
who found that the total and free a-ammo nitrogen 
that the protem had disappeared from the gut at vas appreciably lugher m portal than m systemic 
the end of the experiment blood m all 1 and 2 5 hr specunens, although they 


In the group of experiments m which the hetero- 
logous proteins uero gi\on to the dogs, it has been 
shomi that the blood amino acids and other nm- 
Indnn-roacting substances fall mto throe groups, 
those uhich rise and fall markedlj' and at about the 
'!.nno rates m their blood concentrations after the 
protein meal, those vhicb -vary loss regularly 


were sometimes approximately equal m the 5 hr 
specunen when presumably the absorption from the 
gut was at an end 

The second group of ammo acids, which occur m 
the blood, are mterpreted as bemg compounds 
released by the tissues after the further metabolism 
of the common ammo acids This would account for 


tondmg ff cmMhmg to rise th t ' 

• 1^ jioriod, and those vluch are present m only the o penod durmg 


IS some evidence that 
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a aminobutyric acid is formed from methiomne 
(Dent, 1947), presumably representmg -what is left 
bebmd after it has lost its methyl group and sulphur 
atom y-Anunobutyric acid is most likely to arise 
from the decarboxylation of glutamic acid although 
no direct evidence on this pomt has heen obtamed 
here or m the past except m experiments on putrefac- 
tion (Ackermann & Kutscher, 1910) It is difficult to 
dra-w conclusions from the behaviour of glutamine 
smce this substance usually gives a distorted spot 
on the chromatograms Moreover, the rough quan- 
titative determmations of glutamme by the cliroma 
tographic method usmg the strength of the mn 
hydrm colour reaction do not give figures as high 
as have been reported for dog plasma by enzjnnic 
(Archibald, 1944) and by chenucal (Hamilton, 1946) 
methods The reasons for this discrepancy are not 
clear 

The ammo acids of the tliird group are heheved 
to play no part m the processes occurrmg durmg 
protem digestion 

The objection that the blood ammo-acid levels 
are too low to account for the observed transference 
of mtrogen from one part of the body to another 
can be disposed of by a consideration of the volume 
of blood flow m question In a normal dog weighmg 
10 kg the portal -plasma flow can be taken to be 
rouglily about 200 ml /mm (Burton-Opitz, 1911, 
Macleod & Pearce, 1914, Soskm, Essex, Hemck & 
Mann, 1938, Lipscomb & Crandall, 1947) Even at 
tins rate of flow a concentration of 4 mg of ammo 
mtrogen/ 100 ml can transfer several grams of 
mtrogen m the 6 hr span of an experiment Durmg 
digestion of a protem meal it is likely that a large 
mcrease m portal flow occurs which would be 
adequate to transfer aU the mtrogen given m these 
experiments from the gut to the tissues m the form 
of ammo acids 

No evidence was obtamed that peptides can be 
absorbed m any appreciable amounts smce none 
was found m the blood by the various chromato- 
graphic methods tried, even under the circumstances 
mduced by the partial gastrectomy operation, which 
caused rises m total free ammo mtrogen concentra- 
tion of up to BIX tunes normal (see Addendum) The 
chemical results of Chr3tensen (Addendum) do, 
however, mdicate that about 1 mg /1 00 ml of 
‘bound a-ammo mtrogen’ is present m the blood 
and that this amount mcreases durmg the course of 
protem digestion Similar rises after hydrolysis m 
the concentration of some ammo -acids were also 
formd by chromatography (Exp 12) There is con- 
siderable doubt as to the nature of this bound 
mtrogen It may be due to peptides, but could 
equally well be from ammo acids substituted, like 
the glycme m hippuric acid, on the a-ammo mtrogen 
atom There is mdirect evidence for the existence of 
further examples of such acylated ammo -acids It 


IS mterestmg that m some of the expeninenfs 
recorded here (e g Exps 7, 9 and 13) mcreases after 
hydrolysis m the amounts of free histidme and 
citrullme (and/or )3-alanme) m the plasma were 
noted In view of the defimte identification of the 
latter as ^ alanme m the unne m one case (Exp 13) 
it may be that the substance mcreasmg after 
hydrolysis is always ^ alanme, and if so it would be 
very hkely that they both arise from the presence 
of camosme m the blood Camosme can be detected 
by paper cliromatography (Dent, 1948), but may be 
nussed m low concentrations Although it is a true 
peptide it could not arise from simple hydrolysis of 
a protem A hberation of camosme from the tissues 
mto the blood, comcident with a rapid uptake from 
the blood by the tissue cells of free ammo acids from 
the protem digestion, agrees with the views of 
Cliristensen, Streicher & Elbmger (1948) In gumea 
pigs ammo acids appear to compete with each other 
for the means by which they’- are concentrated by 
the cell, with the result that the abihty of tissue 
ceUs to hold one a mm o acid may decrease when 
other ammo-acids are present m high concentrations 
m the blood Such a rule might hold for a sunplo 
peptide hke camosme Another reason for con 
sidenng that the protem is not appreciably absorbed 
mto the portal blood as peptides is based on the 
results of Exp 4 In this experiment the mtestmal 
contents vomited by the dog 4 6 hr after givmg the 
casern contamed ammo acids and very high con 
centrations of peptides, most of the ammo nitrogen 
bemg m peptide form The chenucal analysis also 
done by Cliristensen on tins sample confirmed this 
result However, the portal-blood samples obtamed 
at 2 6 and 6 hr and worked up and analyzed m 
exactly the same ways showed only the usual small 
amounts of boimd ammo mtrogen and no defimte 
evidence of peptides It would seem from tins that 
the mtestmal mucous membrane was actmg as a 
very efficient barrier to the absorption of peptides 
However, the findmg of some ‘jieptides’ hi the 
urme when these were not detected m the blood 
(Exps 7, 9 and 13, Figs 13 and 16) does mdicate 
the possibihty of the absorption of small quantities^ 

It was remarkable that the same four ‘peptides 
were found m the urme m the two experiments m 
which human-serum albumm was fed The unnary 
concentration of blood peptides after the mtra 
venous infusion of Amigen has been obsemmd b} 
Christensen et al (1946) 

With regard to the results found after mgestioa 
of dog whole plasma protem it must first be 
emphasized that all the evidence obtamed here has 
been negative m character The homologous protem 
disappeared from the gut and no trace of it was 
found m the portal or systemic blood by the same 
methods as were applied m the experiments wat i 
heterologous prroteins Several explanations of ^ 
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can b0 advanced Techiucal errors m the chromato- 
grapluc analysis are not considered likely in view of 
the very definite results and of the many control 
samples taken Moreover, the entnely mdependent 
chemical analyses of Christensen (Addendum) have 

given the same results m the case of Exp 6 We are 

left then with the following possibihties First, that 
the protem is broken down to ammo acids m the 
gut, and that the mtestmal mucous membrane 
resynthesizes them mto plasma protem, m which 
form they are then taken up by the portal blood 
Secondly, the protem may be absorbed mto the 
portal blood as large peptides, which, if of high 
molecular weight, would not be detected by the 
methods used Thirdly, the protem is absorbed 
largely m an mtact or undigested form 

The possibility of absorption of homologous 
mtact plasma protem should be considered seriously , 
particularly m the hght of present views upon the 
mechanism of particulate fat absorption and upon 
the passage of plasma proteins tlirough cellular 
membranes (Madden & Wlnpple, 1940) It is 
mterestmg too to remark on the pecuhar gut 
reaction winch alwa 5 ^ occurred when the plasma 
was given The tendency to diarrhoea and vomitmg, 
not related to the strong salt concentration of the 
plasma (Exp fi), indicates that an abnormal state 
of affairs was mduced m the mtestme Intact 
absorption of toxins and antitoxins from the gut m 
the adult animal can only occur after the mucous 
membrane has been damaged by simultaneous 
feedmg of bile or of purgatives such as castor oil 
or aloes (Grasset, 1029) It was unfortunate that 
Exp 10, m which denatured homologous plasma 
Mas fed, failed because of the exceptionallj’^ severe 
vomitmg, for it would have been difficult to unagme 
that such denatured protem could be absorbed 
intact A serious difficulty m acceptmg any theory 
of mtact absorption concerns the expected action 
of the gut enz5Tne3 A prelunmary experiment 
(unpublished work) m n Inch dog plasma was mcu- 
batod in tiun mth gastric and mixed mtestmal 
juices obtamod from other dogs, and then analj'xed 
on paper chromatograms has shown conclusively 
that complete breakdomi to free ammo acids can 
result If the experiments recorded here are to be 
reconciled mth the theor 3 ' of mtact absorption it 
has te he assumed that thiB absorption takes place 
far more rapidlv than the onzjunic process or that 
the stimulus for secretion of the enzymes is 
lacking -when homologous plasma is fed A further 
objection exists, lio-v\o\er, that caimot be readilj^ 
disposed of Clearh , if fed homologous plasma is 
absorbed intact then the nutritional result should 
be in o\er\ uat identical mth that obtamed bj-- 
giN mg the same amount mtra\ enoush , a fact winch 
V ould be of possible clinical \ alue Tins, howe\ er, is 
not the case Plasma protem gi\ en bt i em to dogs 


in mtrogen equihbnum produces a de fini te mtrogen 
retention lastmg some days, wlule the same dose by 
mouth, however, produces thd full amount of extra 
mtrogen m the urme (Holman, Mahoney & Whipple, 

, 1934) No mcreased urmary output of sugar occurs 
in phlorrhizimzed dogs after givmg plasma by vem, 
although there is an mcr&ase after givmg it by 
mouth (Howland & Hawkins, 1938) Yuile & 
Hawkins (1941) later showed that a marked azo- 
taerma occurred after feedmg homologous plasma, 
good evidence that it was bemg metabolized 
Similar differences m response to fed and mjected 
plasma protem have been noted m human sub- 
jects (Forbes, Albright, Reifenstem, Bryant, Cox 
& Dempsey, 1948, Eckhardt, L^wis, Murphy, 
Batchelor & Davidson, 1948) 

A possible explanation is that the plasma is 
associated with a lutrogen-retaimng hormone, de- 
stroyed on passage through the hver and therefore 
only capable of exertmg its action on the mtrogen 
balance when m the systemic, rather than m the 
portal, cuculation It is easier, however, to assume 
that the homologous protem iS partly at least broken 
down m the gut before absorption, and that m this 
condition it cannot be resynthesized to the ongmal 
protem This would conform with modem views 
that the processes of synthesis and degradation of 
proteins are qmte distinct and irreversible 

Tlie fact that each of the dogs given homologous 
plasma had had a partial gastrectomy may be the 
explanation for the possible differences between 
these results and those of other workers 

The passage of mtact homologous plasma protem 
through mtestmal mucous membranes has long ago 
been demonstrated (Voit & Bauer, 1869, Heiden- 
ham, 1894) It is also weU known that homologous 
plasma protem disappears when placed m many 
serous cavities m the body, e g peritoneal or 
pericardial (Hamburger, 1896) 

At the present time it is not possible to decide m 
favour of any of the above mechamsms of homolo- 
gous protem absorption from the gut Further work 
IS m progress on this subject as most of the theories 
suggested are open to direct experimental trial 

SUMMARY 

1 Dog portal blood removed by means of the 
London (1935) carmula has been exammed bj’- paper 
chromatography at mtervals after feedmg various 
proteins Jugular blood was also exammed m some 
dogs A partial gastrectomy operation had been 
performed on most of the dogs as this was shown to 
result m more rapid disappearance of the protem 
from the gut 

2 Under these conditions the mgestion of hetero- 
logous proteins such as casern, casern hydrolysate 
(Amigen), ground beef and human serum albumm 
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resulted m large mcreases m the ammo acid con- 
centration of the portal blood The jugular blood 
showed quantitatively smaller but qualitatively 
similar changes 

3 After mgestion of casern the rises m the con- 
centrations of mdividual ammo -acids m the portal 
blood paralleled closely those wluch could be 
brought about by addmg the appropriate amount of 
casern hydrolysate to the fastmg blood m an tn 
vitro experiment Glutanuc acid, however, behaved 
m an exceptional manner for it was present m the 
portal blood to a much smaller extent than m the 
artificial mixture 

4 Peptides were not defimtely found m the 
portal blood m any instance Some evidence was 
obtamed for the occasional presence of bound 
ammo mtrogen of unlmown identity In some cases 
this was likely to have been m the form of camosme 

6 After mgestion of human-serum albumm the 
urme contamed excessive quantities of many ammo- 
acids, especially of glutamic acid There were also 
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several ‘peptides’ Similar but less prommeiit 
changes m the urme were found after mgestion of 
Amigen 

6 The blood ammo acids appeared to belong to 
tlu-ee types those which rose and fell character 
istically after the protem meal, those which vaned 
less regularly, tendmg if hnythmg to rise slightly 
throughout the 5 hr period, and those which did 
not change appreciably durmg the expenment 

7 Dog whole plasma protem when given to the 
dogs by mouth did not cause any significant rise 
m portal ammo acid concentration, and neither 
peptides nor bound ammo mtrogen were found 

8 It 18 suggested that the homologous plasma 
protem was absorbed either mtact or as large 
fragments, and that the heterologous protems may 
have been largely if not entirely absorbed as 
ammo-acids 

The authors gratefully acknowledge the help and 
encouragement given them by Dr G H Whipple and his 
department 
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EXPLANATION OF PLATES 4 AND 5 

Plate 4 


Fig 2 Pramng shoivuig the London cannula sutured m its 
final position to the portal vein A stnp of omentum is 
wrapped round the cannula, as shown m the meet, before 
the abdomen la finally closed To withdraw portal blood 
the trocar is removed and a long needle inserted through 
the cannula until the wall of the vem is pierced 

Fig 3 X ray photograph of dog with cannula m position 
durmg an mjection of thorotrast mto the portal vem 
(Esp 6) The branches of the portal vem can ho seen 


weaUy outlmed This confirmed that true portal blood 
samples had been taken m the evponment 

Fig 4 Photograph of chromatogram from a typical sample 
offastmg portal blood {Exp 13) (In this and subsequent 
photographs, standard exposures and routme of develop 
ment have been imposed ) 

Fig 6 Photograph of chromatogram from the portal blood 
2 6 hr after feedmg 600 g of ground beef (Exp 12) 


Plate 6 


Fig 6 Photograph of chromatogram from the portal blood 
2 6 hr after feedmg 100 g of human albumm (Exp 13) 
This shows the highest concentration of ammo acids seen 
m any of these expenments It should be compared 
with fastmg blood from the same experiment seen m 
Fig 4 

Fig 7 Key to Fig 6 1 = aspartic acid, 2= glutamic acid, 
3=8erme, 4=taurme, 6=glycme, 6=threonme, 7=ala 
mne, 8=glutamme, 9=tyrosme, 10=phenylalamne, 
ll=:lencme8, 12=vahne, 13 =a ammo n hutync acid, 
14=hiBtidme (this does not appear m Fig 6 but can be 
seen m Figs 6, 8 and 9), 16 = ‘fast-ammobutyno acid’, 
16=prohne, 17=methionmo sulphoxide, 18=yammo- 
butyno acid, 19 =arginme, 20 =lyHme In addition three 
nmdentifled substances. A, B and C, are shown, which 
appear, where outhned, as yellow areas Substance A 
causes the senous distortion of aspartic and glutamic 
acids which are pushed apart m the upper region and 


caused to run into one another below The obhque hne 
shows the approximate dividing hne between the turn 
ammo acids as detennmed by the use of markers B and 
G usually overlap shghtly, as shoivn B causes the least 
trouble m practice, C, however, may overho glutamme 
or push it shghtly up or down Serme and taurme and, 
to a less extent, threorune are also pulled mto long 
streaks, presumably while they are movmg mth the 
yellow substance durmg the phenol run 

Fig 8 Photograph of chromatogram from the portal blood 
2 5 hr after feeding 100 g of casern (Exp 5) This 
should be compared closely with Fig 9 See text for 
further discussion 

Fig 9 Photograph of chromatogram from fastmg portal 
blood (Exp 5) with enough acid-hydrolyzed casern added 
to it to match the total ammo mtrogen level of the 
sample shown m Fig 8 


Addendum. Conjugated Ammo-acids m Portal Plasma of Dogs 

after Protem Feedmg 


By H N CHRISTENSEN, The Children's Hospital, and the Department of Biological Chemistry, 
Harvard Medical School, Boston, Massachusetts, U SM 


{Received 27 April 1948) 

The best available exndence for the absorption of 


important quantities of peptides during protem 
digestion came from the laboratory of Dr E S 
London from experiments upon dogs hanng can- 
nulae affixed to various blood vessels (for references, 
see Cliristensen, Decker, Lynch, Mackenzie & 
Powers, 1947) The deficiencies m the analytical 
procedures used m this field have been discussed 
(Cliristonsen et al 1947) A re exammation of the 
question in dogs with cannulated portal vems 
hos been made possible through the kmdness of 
Dr C E Dent m suppljnng us with ultrafiltrates of 


plasma obtamed from dogs m experiments de- 
scribed m the precedmg paper (Dent & Sclnlhng, 
1949) Analjrsis of these samples for a-ammo 
mtrogen by the manometric nmhydrm procedure, 
before and after acid hydrolysis, showed measurable 
mcreases m the ammo acid conjugates accompamed 
by very large rises m free ammo acid concen- 
trations 

experimental 

a Ammo N was determmed m rephcate by the manometno 
nmhydrm method at pH 2 6 (Hamdton & Van Slyke, 1943) 
upon samples of plasma ultrafiltrate before and after 
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hydrolysis by acid {Christensen & Lynch, 1940) In the case 
of dog 14, glutamme was also determined by the loss of 
a ammo N upon prolonged heatmg (Hamilton, 1945) In 
this experiment the fiee and bound a ammo N were deter 
min ed at pH 4 7 (not pH 2 5) Glyome was determined 
by the formaldehyde, released by mnhydrm (Alexander, 
Landwehr & Sehgman, 1946) 

DISCUSSION 

Significant increases m the amino -acid conjugates 
of plasma were observed after the feeding of casern, 
groimd beef and human serum albumin (Table 1) 


1949 

digestion m these experiments were not necessanly 
fragments of the proteins fed, smce the feedmg of 
n glutamic acid to dogs (Table 1) or of glycme to 
humans (Ciiristensen, Cooper, Jolinson & Lynch, 
1 947 ) produced mcreases m the conjugates of plasma 
A decrease m the glycme concentration of plasma, 
as well as a net decrease m the non-glycme, non 
glutamme ammo acids, was observed durmg gluta 
mate absorption (Table I) Dent has observed 
decreases m other ammo acids m the same samples 
by paper cliromatography Tins cliromatogram on 
125 |Ltl of the 1 hr portal plasma ultrafiltrate 


Table 1 Atmno-acida of portal and jugular plaaina after feeding of protein and of glutamic acid 

(The values are m mg /lOO ml of ultrafiltrate ) 


Ohr Ihr 26hr 6hr 


Dog 


Tjqie of 

f 

1 

Jugular 

/ 

1 

r 


1 

^ 1 

no 

Matenal fed 

aNHjN 

Portal 

Portal 

Jugular 

Portal 

Jugular 

Portal 

Jugular 

4 

Casern (100 g ) 

Total 

6 17 

6 67 

11 61 

10 47 

14 74 

12 70 

6 03 

8 68 



Free 

4 66 

6 02 

10 11 

9 37 

14 46 

11 69 

6 68 

824 



Bound 

0 61 

0 66 

1 5 

1 1 

03 

1 1 

0 46 

044 

6 

Casern (100 g ) 

Total 

4 k 

4 97 

16 6 

13 0 

18 9 

12 2 

10 4 

1166 



Free 

4 41 

3 88 

13 4 

10 80 

16 3 

9 30 

10 2 

9 06 



Bound 

0 43 

1 1 

3 1 

22 

2 6 

29 

02 

25 

6 

Camne plasma protein 

Free 

4 10 

3 63 

3 94 

3 06 

2 69 

3 18 

3 24* 

3 06» 


(100 g) 










12 

Ground beef (600 g ) 

Total 

06 

64 

6 73 

66 

16 3 

10 9 

14 90 

8 88 



Free 

6 84 

4 64 

6 84 

4 62 

14 8 

— 

13 76 

8 32 



Bound 

08 

08 

09 

1 0 

1 6 

— 

12 

06 

13 

Human serum albumm 

Total 

6 10 

— 

17 1 

— 

23 8 

19 1 

10 13 

8 33 


(100 g) 

Free 

4 26 

3 83 

14 4 

1016 

21 9 

16 9 

900 

7 43 



Boundf 

08 

— 

27 

— 

1 9 

22 

1 1 

09 

14 

L Glutamic acid (as 

Glutamme 

1 10 

121 

1 69 

1 69 

0 98 

1 10 

0 71 

0 99 


glutamate) (3 g /kg ) 

Glycme 

0 20 

019 

0 24 

0 22 

0 16 

0 13 

017 

0 13 



Non gly- 

2 69 

2 79 

9 99 

8 08 

4 46 

3 80 

224 

2 02 



ome, non 











glutamme 








1 TO 



Bound 

0 92 

0 69 

— 

0 47 

0 71 

0 81 

1 38 

1 12 


* These two samples were taken at 8 hr 4 . A 

f These values mclude no appreciable amount of acetyltryptophan The urme excreted during this test containe 
342 mg /lOO ml of free a a min o N, which was 21 tunes the pre test concentration 


These mcreases were far smaller, liowever, than 
those of free ammo acids Furthermore, large and 
consistent portal jugular concentration differences 
were found m the free ammo -acids but not m the 
conjugates, suggestmg that the latter were perhaps 
entermg the blood from the digestive tract much 
more slowly than were the free ammo aoids As a 
result of the partial gastrectomy, and the large size 
of the protem feedmg, the ratio of the amount of 
protem to the amoimt of digestive enzymes present 
m the mtestme was undoubtedly unusually large 
This might be expected to favour the absorption of 
mtermediate degradation products of the protems 
Durmg digestion the mtestme contamed large 
quantities of peptides as mdicated by the analysis 
of the vomitus of dog 4, obtamed 4 6 hr after the 
test meal had been given Of the ultrafilterable 
ammo acid mtrogen present, 84 % was m peptide 
form, 16% free (Dent & Schilling, 1949) 

The conjugates found m plasma durmg protem 


showed, apart from the xi-ery large quantities of 
glutamic acid, only a slightly raised concentration 
of alanme, and just detectable traces of prolme and 
of arginme All the other ammo -acids were un 
detectable (Dent, private commumcation) These 
obserx^ations, together with similar observations m 
gumea pigs, wiU be discussed elsewhere (Christensen, 
Streicher & Elbmger, 1948) 

SUMULARY 

1 Durmg the digestion of several protem 

by partially gastrectomized dogs, mcreases occurred 
m the concentrations of conjugated ammo acids 0 
portal and jugular plasma 

2 The results mdicate that at most a rumor par 
of the protem was absorbed m peptide form T 10 
plasma conjugates were not necessarily fragmen 
of the protems fed smce mcreases m plasma con 
jugates were also produced by feedmg n glutam 
acid 
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The Metabolism of Sulphonamides 

6 THE FATE OF SOAIE N^-n-ACYL DERIVATIVES^ OF AAIBAMTDE (AIARFANIL) 
AND THE SULPHONE, V 335, IN THE RABBIT 

By E L HARTLES ajstd R T VHLLIAAIS, Department of Bwcliemistry, University of Liverpool 

{Received 20 October 1948) 


We have shomi (Hartles & Williams, 1947) that the 
drugs ambamide (Marfaml) and V 336 lack systemic 
antibacterial activity because they are rapidly de- 
aminized and oxidized to mactive metabohtes 
We suggested that the marked in vitro activity of 
these drugs might be preserved in mvo if the bio- 
logically labile — CHjNHj group could be protected 
by a group winch is removed m the body at a rate 
which allows therapeutic concentrations of the free 
drugk to be attamed Acetylambarmde ( p -acetamido 
methylbenzenesulphonamide), which has no anti- 
bacterial activity (Klarer, 1941), is however ex 
creted unchanged (Hartles & Wilhams, 1947) Tlie 
acetyl group certainly protects the — CHjNHj, 
group agamst deammation and oxidation, but is 
itself resistant to hydrolysis m the body It does 
not follow, however, that, if the acetyl derivatives 
are resistant to hydrolysis in vivo, then other 
acylammo derivatives are also resistant We have 
therefore sjmthesized and studied the fate of a 
number of ii-acyl derivatives of the type 

R C0NHCHj<(^^S02iJ', 

where R CO is a n-acjd group, and R' is — ^NH^ m 
ambannde derivatives and — CH3 m V 336 deriva- 
ti\es 

Not only have we searched for possible therapeutic 
agents among these compounds, but we have also 
noted a relationship between the cham length and 
the degree of hydrolysis of the acylammo group 


The extent of hydrolysis was assessed from the 
output m the urme of either p-carboxybenzene- 
sulphonamide or p methyXsulphonjdbenzoic acid 
and unchanged acyl derivatives, the reactions 
assumed to take place bemg 

(a) i? CO NH CH. CeH^ SOgNH2->iJ COOH + 
NHa CH2 C5H, SOijNHjj^COOH CeH^ SO^NH^ 
for ambamide derivatives and 

(b) R CO NH CH2 C0H4 SOaCHs-^R COOH-f 
NHa CHa CgH^ SOaCHg-^COOH CgH^ SOaCHa 
for V 336 derivatives 

EXPERIMENTAL 
Materials and methods 

Synthesis of n acyl derivatives of ambamide and V 335 
With the exception of acetylambamide (Klarer, 1941, 
Bergeim & Braker, 1944) and acetyl V 336 (Jensen, Schmith, 
Brandt, Lanntson <L Hanson, 1944) all the compounds now 
described ale new and were prepared by the same general 
method 

p Ammomethylbenzenesulphonamide, m p 153° (amba- 
mide base), or p anunomethylphenyl methyl sulphone, 
m p 86° (V 336 base), was heated with a molecular eqmva 
lent of the fatty acid for 30 mm at 160-160° The mixture 
was cooled, broken up and recrystalhzed &om water (for 
formyl, propionyl and butyiyl denvatives) or from ethanol 
(for Cj-Cu acyl denvatives) The analytical data and 
melting pomts for these compounds are given m Table 1 
All the compounds appeared white or colourless and the 
yields were 60-60% of theory 
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Table 1 Analytical data and melting points o/N-n acyl derivatives of p aminomethylbenzenesvlphonamxde 
{ambamide) and p-aminoniethylphenyl methyl sulphone (V 335) 


Compound 

Mp n 

Found 

C (%) H (%) 

Formula 

Formula 

'c (%) 

requires 

H (%) 

Pormylambamide* (white needles) 

Denvatives of ambamide 

149 46 4 4 6 

CgHioOaNjS 

449 

47 

Acetylambamidef 

177 

— 

— 


— 

— 

Propionylambanude (plates) 

144 

49 66 

00 

CioHi^OaN^S 

49 6 

68 

Butyrylambarmde (plates) 

144 

62 1 

66 

CaH„03N*S 

61 66 

63 

n Pentane 1 carbonylambarmde (prisms) 

173 

64 4 

7 1 

C,3HjoO,NsS 

64 9 

71 

n-Heptane 1 carbonylambamide (plates) 

160 

67 8 

7 7 

Ci3H3403N3S 

67 7 

77 

n Nonane 1 carbonylambarmde (plates) 

160 

69 7 

79 

Ci,H3803N3S 

69 96 

83 

n Undecane 1 carbonylambarmde (plates) 

147 6 

62 2 

89 

C,„H330,N3S 

61 9 

8 76 

n Tndecane 1 carbonylambamide (plates) 

146 6 

63 0 

9 1 


63 6 

916 

n Pentadecane 1 carbonylambamide (pnsms) 

147 6 

646 

96 

C33H4303N,S 

66 06 

96 

n Heptadeoane 1 carbonylambamide (plates) 

161 6 

66 3 

9 96 

C35H4403N3S 

66 3 

98 

Formyl V 336* (plates) 

Denvatives of V 336 

134 60 4 6 25 

C8Hii03NS 

50 7 

62 

Acetyl V 336t 

126 

— 

— 

— 

— 

— 

Propionyl V 336 (plates) 

160 

64 4 

62 

CiiH^OjNS 

64 76 

63 

Butyryl V 336 (plates) 

122 

66 7 

68 

C,.Hi 703 NS 

66 46 

67 

n Pentane 1 carbonyl V 336 (plates) 

126 

69 3 

7 6 

CnELiCjNS 

69 3 

76 

n Heptane 1 carbonyl V 336 (plates) 

130 

61 76 

83 

c„h; 503 NS 

61 7 

81 

n Nonane 1 carbonyl V 336 (plates) 

133 

63 0 

83 

CisH^CjNS 

63 7 

86 

n Undecane 1 carbonyl V 336 (plates) 

133 6 

66 7 

94 

^20^33^3^^ 

66 36 

9 05 

n Tndecane 1 carbonyl V 335 (plates) 

130 6 

66 8 

94 


66 8 

9-46 

n Pentadecane 1 carbonyl V 336 (plates) 

133 5 

68 1 

98 

^24^41^3^® 

68 06 

9 76 

»-Heptadecane 1 carbonyl V 335 (plates) 

108 

69 25 

10 0 


691 

^ 10 05 

* These were presented to us by R F Reed, Ltd , 

Barkmg, 

and are desonbed here for the first time 

with their 


permission 

f These acetyl derivatives are moluded for completeness 


Animals and administration of drugs dunchiUa rabbits 
(2 5-3 0 kg ) mamtalned on a diet of 60 g Lever cubes and 
200 g cabbage doily were used throughout The compounds 
(1 g doses) were suspended m water and administered by 
stomach tube Urmes were collected dady and analyzed 
for unchanged material and for p carboxybenzenesulphon 
amide or p methylsulphonylbenzoic acid With the n 
pentane-l-carbonyl and higher derivatives the faeces were 
also exammed for unchanged compounds 

Estimation of the carboxylic acids in unne The sample of 
filtered urme (c 100 ml ) was acidified with 1/10 vol of 
cone HCl and extracted contmuously with ether for 3 hr 
The extract was evaporated and the residue dissolved in 
2 n NaOH After filtration, this solution was acidified with 
cone HCl, kept at 0° for 1 hr and the precipitated carboxyhc 
acids filtered into a tared Gooch crucible, dned and 
weighed 

Isolation of unchanged compounds fromunne (o) Procedure 
for formyl, acetyl and propwnyl derivatives The filtered 
urme sample (c 100 ml ) was saturated with SO4 and 

then extracted four tunes with half a volume of methyl 
ethyl ketone The solvent was distilled firom the extract 
and the residue reorystallized firom hot water, filtered, dned 
and weighed 

(6) Procedure for butyryl and higher derivatives The 
filtered urme sample was extracted with ether contmuously 
for 3 hr A longer period did not morease yields The 
extract was evaporated and the residue was reorystallized 


from water or aqueous ethanol and the crystals vere 
filtered, dned and weighed 

Isolation of unchanged compounds from faeces Taece^ 
colleoted for 6 days after feedmg the drugs, were gronnd 
with anhydrous NajSO^ and extracted with acetone in a 
Soxhlet apparatus The acetone was removed and the dry 
residue was dissolved m the minimum of hot absolute 
ethanol The acyl denvative present was precipitated wit 
light petroleum (b p 40-60°) and filtered off ^ 

crystallization from 90 % ethanol, the compound was 
and weighed 

RESULTS 

Table 2 gives the detailed results for two compounds 
It should be noted that the urmary excretion ol 
metabohtes of the formyl, acetyl, propionyl 
butyryl compounds was complete m 24 lir a J 
dosmg, whereas for the n-pentane-1 carbonyl an 
higher derivatives a 48 hr collection was necessa^ 
Tables 3 and 4 give the average results for aU t 
derivatives studied Table 6 gives the approitOTa 
percentage of the dose of the n-pentane 1 
and higher derivatives of ambamide and 
ehmmated m the faeces collected for 6 , 

dosmg The lowpr derivatives were corngtoxaiy 
absorbed and none appeared m the faeces 
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Table 2 The urinary eacretion of mctabohtes by rabbits receiving the formyl 
and n pent ane-l -carbonyl derivatives of ambanitde 



Eabbit 

Compound fed 

no 

Fonnylambanude 

108 

109 

- 

112 

71 Pentane 1 carbonylambamide 

91 


99 


114 





Sample 



Unne 

ana 

Wt 

Dose 

vol 

lyzed 

(kg) 

is) 

(ml ) 

(ml ) 

26 

1 

310 

100 

23 

1 

360 

100 

26 

1 

270 

100 

30 

1 

(1)* 170 

160 



(u) 160 

146 

2 7 

1 

(1) 165 

160 



(u) 116 

106 

32 

1 

(1) 166 

136 



(n) 140 

130 


Un- p Carboxy 


changed 

benzene 

Percentage of 

compound sulphon- 

dose excreted 

recovered 

amide m 

A 

f \ 

m sample 

sample 

Un- 

0x1- 

(mg) 

(mg) 

changed dized 

240 

94 

71 1 

30 

210 

46 

73 2 

1 7 

238 

64 

63 0 

1 6 

0 

0 

143) 

191) 

0 

49 6 

0 

0 

232) 

26r 

0 

39 5 

0 

0 

1941 

96) 

0 

446 


* The metabohtes of 11 pentane 1 oarbonylambamide are excreted during 2 days 


Table 3 The urinary excretion of metabolites of n acyl derivatives of ambamide in the rabbit 
(Formula of compounds R CONHCHjCgHjSOjNHj Dose 1 g /animal ) 

Percentage of dose excreted 


A 

r A 


Ambamide derivative fed 

R 

No of 
expenments 

Unchanged 

As p carboxy- 
benzene sulphon - 
amide 

(Ambamide) 

— 

3 

(0)* 

(84)* 

Formyl 

H 

3 

69 1 

2 1 

'Acetyl 

CH3 

3 

646 

0 

Propionyl 

C3H3 

3 

621 

0 

Butyryl 

O3H7 

3 

41 9 

20 8 

71 Pentane 1 carbonyl 

CsHt, 

3 

0 

446 

n Heptane 1 carbonyl 

C,Hi3 

2 

0 

43 6 

71 Nonane 1 carbonyl 

09H1B 

3 

0 

16 3 

7i-Undeoane 1 carbonyl 

^iiHjj 

2 

0 

0 

71 Tndecane 1 carbonyl 

C„H,7 

2 

0 

0 

* These figures 

are quoted from Hartles & Wdliams 

(1947) 



Table 4 The urinary excretion of metabolites of n-acyl derivatives of V 335 in the rabbit 
(Formula of compounds R CONHCHjCjH^SOjCHj Dose 1 g /animal) 


V 336 derivative fed 
(V 336) 

Formyl 

Acetyl 

Propionyl 

Butjrryl 

71 Pentane 1 carbonyl 
71 Heptane 1 carbonyl 
71 Nonane 1 carbonyl 
71 Undecane 1 carbonyl 
71 Tridecane 1 carbonyl 


No of 

R experiments 


H 

CH3 


C*H, 

C7H,, 


3 

3 

3 

3 

3 

2 

3 

2 

2 


Biochem 1949, 44 


* These figures are quoted from Hartles 


Percentage of dose 


Unchanged 

( 0 )* 

48 5 
61 1 
429 
30 
0 
0 
0 
0 
0 

& Wfihams (1947) 


excreted 


As p methyl- 
Bulphonylbenzoio 
acid 

(87)* 

16 8 
0 

13 1 
62 1 
66 8 
41 0 
22 2 
0 
0 


22 
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Table 6 Faecal excretion of n-acyl derivatives of 
ambamide and V 336 by rabbits 

Percentage of dose 
excreted unchanged 
in the faeces in 


Compound fed 6 days 

Butyrylambamide 0 

n Pentane 1 carbonylambamide 6 

n Heptane 1 earbonylambamide 10-15 

n-Nonane 1 carbonylambamide 30 

n Undecane 1 carbonylambamide 40 

n Tndecane-1 carbonylambamide 60 

Butyiyl V 336 0 

n Pentane 1 carbonyl V 335 2-3 

n Heptane 1-carbonyl V 336 10 

n-Nonane 1-carbonyl V 335 40 

n Undecane 1-carbonyl V 335 60 

n Tndecane 1 carbonyl V 336 60 


Injection of butyryl Y 335 The derivatives higher 
than butyryl were not soluble enough to be injected 

Butyryl V 336 (600 mg ) was dissolved m 16 ml of 
physiological sahne solution at 40° and mjected subcu- 
taneously mto a 3 kg rabbit The urme was exammcd each 
day for the foUowmg 3 days for the unchanged drug and 
p methylsulphonylbenzoio acid No unchanged drug was 
excreted, but the acid was found on the first and second 
days (yields 100 and 60 mg respectively), but not on the 
third day 

Thus butyryl V 336 on injection is converted 
mainly to p-methylsulphonylbenzoic acid as is 
found on oral administration (see Table 4), although 
excretion of the acid takes longer after mjection 
than after feedmg 

DISCUSSION 

The present work shows that the extent of deacyla- 
tion and subsequent dea min ation and oxidation of 
the p-acylammomethylsulphones depends on the 
cham length of the acyl group This conclusion is 
illustrated m Fig 1, m which the number of carbon 
atoms m the acyl group is plotted agamst the ratio 
(oxidized compound) x 100/(oxidized + unchanged 
compound) 

Free ambamide and V 336 are excreted entirely 
oxidized Formylambamide is only shghtly deacyl- 
ated and oxidized, the mam bulk bemg excreted 
unchanged m the urme Formyl and propionyl 
V 336, however, do imdergo deacylation, for about 
26 % of the absorbed compounds is excreted as p- 
methylsulphonylbenzoic acid and 76% is im- 
changed Both acetyl derivatives and propionyl- 
ambamide are excreted entirely unchanged With 
the higher derivatives (butyryl, n-pentane-, n- 
heptane- and n nonane-l-carbonyl) of V 336, the 
absorbed part is excreted entirely deacylated and 
oxidized Butyrylambamide is deacy^lated and 
oxidized to the extent of 33 %, the rest of the 
absorbed drug bemg excreted unchanged The higher 
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derivatives of ambamide are net completely 
absorbed, but that which is absorbed is entirely 
deacylated and oxidized As the cham lengths of 
derivatives mcrease beyond butyryl, absorption of 
the drugs becomes progressively less (Fig 2) and 
much of the imchanged drug is ehmmated m the 
faeces The compoimds with a cham length of more 
than 10 carbon atoms are not absorbed at all 



Fig 1 The relation between the extent of deacylation in 
the rabbit of N-n aoyl derivatives of ambamide and of 

V 336 and the number of carbon atoms in the aoyl 

group i? CO X - - X , ambamide denvatives, • •, 

V 336 denvatives 



Fig 2 Graph showing the percentage of N-n aoyl den-ra 
tives of ambamide and V 336 absorbed and oxidized by 
rabbits, plotted agamst the number of carbon atoms m 

the acyl group R GO X X , ambamide denvatives, 

• », V 336 denvatives 

It IS clear from these experiments that, beyond 
the acetyl and propionyl denvatives, the longer e 
cham the easier is the deacylation and conseque 
oxidation These results are sunilar to those 
Kohl & Flynn (1940) who found that in vRro 
acylation by rat hver extract ofN^ n aoy P , 
anudes occurred more readily as the cham on 
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increased This is not true, however, for acyl- 
sulphamezatliines (Krebs, Sykes & Bartley, 1947) 
It 18 also interesting to note that neither of the 
acetyl derivatives are deacetylated by the rabbit 
This mahihty of the rabbit to spht the acetamide 
group to any great extent has now been observed 
m tlM laboratory with a number of compounds of 
the type ArNHCOCHg, where Ar represents an 
aryl group (e g acetanihde, o- and p-acetanoido- 
phenols, phenacetm, p-acetamidobenzoic acid, p- 
acetamidophenylacetio acid, acetylsulphamhc acid 
and acetylsulphanilamides) or ArCHaNHCOCHs 
(e g p-hydroxybenzylacetamide, acetylambamide 
and acetyl V 336) (Smith & Wilhams, 1948, 
Hartles & Wilhams, 1948) 

Krebs et cd (1947) pomt out that en 2 yna 6 S 
sphttmg N* acylsulphonamides belong to the group 
called ‘acylases’ by Abderhalden & von EhrenwaU 
(1931) These enzymes spht the peptide link m 
compounds of the typo BCONBLB' In the com- 
pounds studied here iJ is a n-alkyl group and B' is 
either — CB^CflHiSOjlSnaij (ambarmde derivatives) 
or — (V 336 derivatives) Sphttmg 
of the acylammo group m the mtestme before 
absorption is ruled out because only unchanged 
compounds were found m the faeces 
It was not expected that any of these acyl 
derivatives would have antiolostndial activity in 
vitro, because of blookmg of the ammo group This 
expectation was confirmed by the antibacterial 
test quoted m the Appendix It is clear from Fig 1 
that formyl, propionyl and butyryl V 336 and 
butyrylambamide are compounds which are 
possible therapeutic agents in mvo, for all four are 
deacylated in mvo and therefore there is the 
possibihty that free V 336 and ambamide may be 
released m the tissues m therapeutic concentrations 
if deammation is not too rapid These four com- 
pounds were tested in mvo for antibacterial 
activity, agamst a Olostridium septicum infection m 
mice (see Appendix) Although they were ad- 
ministered orally m doses of 1 g /kg every 4 hr 


they had no permanent curative effect, but they 
did show some activity m the earher hours of the 
treatment Dr Henderson suggested that although 
the drugs might show greater effectiveness m 
larger doses and with extended treatment, con- 
tmuation of the trials was not justified m view of 
the much greater effectiveness, for example, of 
sulphapyridme 

SUMMARY 

1 Tlie extent of deacylation and subsequent 
deammation and oxidation of a series of A-n-acyl 
derivatives of p-ammomethylbenzenesulphonamide 
(Marfaml or ambamide) and of p-ammomethyl- 
phenyl methyl sulphone (V 336) has been studied 
m the rabbit 

2 Formyl-, acetyl- and propionyl-ambamide are 
largely excreted unchanged m the urme Acetyl 

V 336 IS s imil arly excreted unchanged 

3 Butyrylambamide and formyl, propionyl and 
butyryl V 336 are partly deacylated and oxidized 
and partly excreted unchanged m the urme 

4 As the cham length of the acyl group mcreases 
from Cg, the amount of the acyl derivatives of 
ambamide and V 336 absorbed becomes progres- 
sively less and at none is absorbed and the 
compounds appear m the faeces That part of the 
Cg and higher derivatives which is absorbed is, 
however, completely deacylated and oxidized 

6 Twenty new derivatives of ambamide and 

V 336 have been synthesized, and a selection of 
them showed no activity in vitro against Cl wdchii 

6 The in mvo therapeutic possibihties of the 
compounds studied have been discussed 

The authors wish to thank R F 'Reed Ltd., Barkmg, for 
generous supphes of ambamide, V 336 and their formyl 
derivatives, and Drs A Spinks (Impenal Chemical Industries 
Ltd.) and T> W Henderson (Microbiological Research 
Department, Porton) for the antibactenal tests The 
expenses of this work were m part defrayed by a grant 
from the Medical Research Council 


Appendix Antibacterial Testing of Ambamide and V 335 Derivatives 


In vitro tests A selection of the compounds 
described above was tested for antibacterial 
actimty against Mycobacterium tuberculosis and 
Clostridium welchii The testmg was arranged by 
Dr A Spinks who sent us the report shown m 
Table 6 

In the tests on Myco tuberculosis the mdex 
< 1/1 represents no effect at all at 1/1000 dilution 
The mdex < 1/3 means mcomplete inhibition at 
1/1000 dilution, but some partial inhibition dovm to 
1/9000 Tlie mdices 1/4 and 1/6 mean partial inhibi- 
tion down to ddutions of 1/27,000 and 1/81,000 


respectively It is clear that formyl derivatives show 
more inhibition than the others 

In VIVO tests The four compounds which, as 
Fig 1 suggests, may have therapeutic activity in 
mvo were tested agamst an infection with Cl 
septicum m mice by Dr D W Henderson* of 
the Microbiological Research Department, Porton 
Dr Henderson reports as follows ‘ The route of 
infection was the mildest we know of, and the 
number of lethal doses kept to a low level None of 

* These results are pubhshed with the permission of the 
Chief SeientiBt, Msmstry of Supply 


22-2 
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these compounds would seem to compare with, for 
example, M and B 693 There is just a suggestion 
that they had some effect because at the 12th hour 
(see Table 1) the controls showed definite signs of 
illness, whereas the mice under treatment appeared 
qmte weU By the 24tli hour there is no therapeutic 
effect evident ’ 


Table 6 

Activity 

, ^ , 

My CO 
inbercu- 

Compound losis Cl wdchtt 


Formylambaioide 

Batyrylambainide 

Ji-Heptane 1-carbonylambamide 

n-Tndecane 1 carbonylambamide 

n-Heptadecane-l-earbonylambamide 

Formyl V 335 

Acetyl V 336 

Propionyl V 335 

n Undecane 1 carbonyl V 335 

n Pentadecane 1 carbonyl V 335 


<1/4 Inactive 
< 1/1 
< 1/1 
< 1/1 
< 1/1 
<1/5 
< 1/1 
<1/3 
< 1/1 
< 1/1 


Table 7 Ths effect oj formyl, propionyl, and butyryl 
V 335 and butyrylambamide on an infection with 
Clostridium septicum m mice 


(Jhce Weight, 18-20 g , 10 puce m each group Infeo- 
tion about 10 mimmal infecting doses (60 spores), 0 05 ml 
sahne spore suspension + 0 05 mb 6 % aqueous CaCl^ mixed 
immediately before injection intradermally mto shaved 
abdomen Drugs 20 mg of the drug suspended m 0 5 ml 
sahne given by mouth at each dose, (i) 1 hr before mfeotion, 
(ii) 4 hr after infection, (m) 8 hr after infection and 
(iv) 12 hr after infection ) 

State of animals 


Drug given 


12 hr after 24 hr after 48 hr after 
infection infection infection 


Sick Dead Sick Dead Sick Dead 


Ckintrols (no drug) 7/10 0/10 2/10 8/10 — 10/10 

Formyl V 336 0/10 0/10 3/10 7/10 — 10/10 

Propionyl V 335 0/10 0/10 1/10 9/10 — 10/10 

ButyiylV 335 0/10 0/10 — 10/10 — — 

ButjTylnmbamide 0/10 0/10 1/10 9/10 — 10/10 
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The Fluorimetric Estimation of Riboflavin in Foodstuffs 
and other Biological Material 


By E KODICEK Aim Y L W^ANG 

Dunn Nutritional Laboratory, University of Cambridge and Medical Besearcli Council 

{Received 30 July 1948) 


Various methods have been published for the 
estimation of nboflavm (Hodson & Noms, 1939, 
Coimer & Straub, 1941, Andrews, 1943, Barton- 
Wright & Booth, 1943, Slater & Morell, 1946, 
Morell & Slater, 1946, MoreU, 1947) Some of them 
employ adsorption of the vitamin on activated sur- 
faces and its subsequent elution The disadvantages 
of the adsoiqation techmques are that they are 
tedious, and may result m serious losses because of 
mcomplete adsorption or elution of nboflavm 
(Rubm & DeRitter, 1946) Smce 1942 we have used 
with satisfactory results the method descnbed 
below, which, by usmg a sensitive photocell-galva- 
nometer circmt, enabled us to estimate the vitamin. 


directly without concentratmg it by adsorption 
A Similar techmque has been described by Rubm, 
DeRitter, Schuman & Bauemfemd (1946) and by 
Scott, Hill, Norris & Houser (1946) 


EXPERBIENTAL 
Principle of method 

The mam features of our techmque are 
(1) Extraction on the water bath with 0 1 
Ha Precipitation of protems by metaphosphoric 
acid, and/or digestion with takadiastase w en 
starchy matenals are assayed 
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(2) Washing of the extract with ohloroform at 
acid pH, and oxidation with saturated potassium 
permanganate solution followed by treatment with 
hydrogen peroxide to decolorize the remammg 
permanganate 

(3) The extracts are adjusted to pH 6, and 
methanol added to clarify the extract if necessary 

(4) Fluoriphotometnc readings are taken usmg 
a blue filter for the mcident hght and a yellow 
filter between the solution and photocell A sensi- 
tive photocell galvanometer circmt is used 

(6) In the blank, the ribofiavm is reduced to 
a non-fiuorescent compound with a neutrahzed 
solution of sodium dithiomte (Na^SjO^) 

Reagents 

HCl (0 lx), NaOH (20%, w/v), acetic acid (1%, w/v), 
metapliosphono acid (25%, w/v) freshly prepared, KJInOj 
(4%, w/v), HjOj w/v (3%, w/v), chloroform, methanol, 
hght petroleum, acetone 02n HjSOi solution (1 1), sodium 
dithiomte solution 0 5 g NajS.Oj, 0 6 g NaHCOj dissolved 
m 10 ml water, prepared immediately before use Taka- 
diastase (Parke, Davis and Co ) 

' Ribofiamn standard Riboflavin (26 mg ) m 50 ml 
distilled water (at 60°) + 1 ml glacial acetic acid iNIix 
with a further 500 ml distilled water (at 50°), stir until 
completely dissolved, and make up to 1 1 with distiUed 
water and ethanol to a final concentration of 20% The 
solution was kept m a dark brown bottle m the refrigerator 
A ddnte standard solution, containing 6 fig /mL, was pre 
pared each week by dilutmg 10 ml of the strong riboflavin 
standard to 60 ml with 20 % ethanol acidified with 1 drop 
of cone HCl 

Apparatus 

Smgle photocell fluonmeter (Cohen type), connected with 
a sensitive galvanometer (Cambndge Instrument Co , short 
period galvanometer, 460 D resistance at 20°, external 
resistance for cntical dampmg 2800 4 4 sec penod, 

4600 mm deflexion for 1 pamp at 1 m The deflexion was 
doubled by placing the scale at a distance of 2 m ) A photo 
cell was chosen with a high sensitivity and a smtable inner 
resistance to obtam the critical dampmg of the galvano 
meter The hght source was a Hewittic Ulviarc Therapeutic 
Lamp, a o burner, 3600 c p , with a smtable optical 
arrangement 

The Hilger fluonmeter can be used as a Cohen type 
instrument by connecting the galvanometer directly with 
the nght-hand cell as described by Bolton (1944) 

The following filters were used Calorex and Wratten 
no 47 A (blue) between the hght source and solution, 
Plavazin filter Wratten no 16 between the solution and 
photocell 

Preparation of extracts 

Different extraetion procedures have to be used depending 
on the matenal exammed The extraction procedures 
should be earned out m a semi darkened room 

(a) For foodstuffs rich tn proteins 

^Tien dned eggs are assayed, a prehnimary treatment is 
nccessari' Wash the weighed sample of the egg powder with 


hght petroleum, centrifuge, repeat washing, centrifuge, 
evaporate off the remaimng hght petroleum on a water bath 
and proceed as below with the HCl extraction 

Heat a weighed ground sample of the foodstuff (con- 
taming about 16 pg of nboflavin) with 60 ml of 0 Ix-HCl 
on a bo iling water bath for 30 mm Cool and add 6 ml of 
26% metaphosphono acid Mix, wait 10 mm , then centn- 
fuge Decant the supernatant fluid Be extract the residue 
with 35 ml of 1 % acetic acid for 10 nun on the water bath 
Centnfuge and umte the hqmd with the previous extract 
Wash residue with 10 ml of 1% acetic acid (no heatmg 
necessary) and centnfuge Combme the extracts and make 
up to 100 ml with water Wash a sample (30-50 ml ) -with 
an equal volume of chloroform m a separatmg funnel 
Centnfuge to hasten the separation of the layers Oxidize 
25 ml of the clear aqueous layer by addmg a 4 % solution of 
KAInO^ drop by drop with contmuous stimng Allow the 
pink colour to disappeat completely before adding the next 
drop Contmue the additions until a famt pink lasts for 
30 sec Decolorize the excess KMn Oj with 1-2 drops of a 
3 % H^O. solution Wait 6 mm , then neutralize to pH 6 5- 
G 0 with 2 % NaOH (i e yeUow to bromothymol blue and 
blue to bromooresol green, used as external mdicators) Make 
up to 75 ml with water Centnfuge if necessary 

(6) For cereals and foodstuffs containing starch 

Use 5-10 g of matenal for extraction Add 60 ml of 
0 In HCl and, stimng contmuously, bnng the mixture to 
the bod Contmue with the extraction as desenbed above, 
omitting the metaphosphono acid Centnfuge whde warm 
Bnng the combmed supernatants to pH 4 6 with 20% 
NaOH (bromooresol green as external mdicator) Digest 
the solution with 10-20 mg of takadiastase (Parke, Davis 
and Co ) for 2 hr at 37° m an meubator m the presence of 
a few drops of sulphur fi'ee toluene Adjust the volume to 
100 ml Centnfuge the digested extract Add to a sample 
of the supernatant flmd 4 drops of cone HCl and wash 
with an equal volume of chloroform m a separatmg funnel 
Proceed as above by takmg 30 mL of the washed extract 
for oxidation After adjusting the pH of the solution to 
5 6-6 0, add 10 ml of methanol and bnng the volume to 
60 ml with water Centnfuge for a short tune if a precipi 
tate has formed 

(c) Acetone H1SO4 (1 1) extraction, suitable for cereals and 
vegetables 

An alternative extraction procedure has been devised 
which gives comparable results with the extraction pro 
cedure (6), and can be used m some samples where extrac 
tion (6) does not result m clear extracts 

Reflux 6 g of the sample with 50 ml of the acetone 
0 2 n-H; 2S04 solution on a water bath for 30 min C!ool and 
centnfuge Decant off the hqmd and return the residue to 
the flask with 36 mL of fresh acetone HjSOj solution 
Reflux for a further 16 mm Centnfuge, and wash the 
residue with 15 mL of fresh acetone H5SO4 solution 
Combme the supernatant fluids and evaporate off the 
acetone completely in vacuo at about 60° Ddnte the 
residual aqueous solution to 50 ml , wash with chloroform 
and proceed as under (6) ’ 

Notes The takadiastase preparation should be tested for 
the presence of appreciable amounts of nboflavin, and if 
necessay the proper correction should be made It is also 
advisable to check the reagents, especially methanol, for a 
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possible blank fluorescence The final extracts should bo 
water clear even under jnspection in ultraviolet hght, other 
wise quenching will interfere with the accuracy Auto 
claving with 0 06 n HCl is a possible alternative extraction 
procedure, but extraneous colours were observed with 
certain foodstuffs which decreased the reliabflity of this 
procedure 

Measurement of fluorescence 

Add to glass cell A 0 2 ml water, and to glass coll B 
0 2 ml (1 /ig ) of the dilute riboflavm standard Measure 
17 ml of the unknown solution into each of the two glass 
cells A and B Take at least tlireo alternate readings m 
qmck succession on both solutions by movmg the sliding 
earner mto position. Then add 0 2 ml of a freshly prepared 
NajSj 04 solution to glass cell A, stir and take readmgs again 
As the reduction may take 30-60 sec to complete take 
readmgs until repeats agree This last readmg gives the 
value for the blank 

Calculation 

Q^~B Fa Fi 1 , 

E,boa.™=^^.j5X-_x-re/g, 

where S = amount of sample taken (g or ml ), ft =galvano 
meter readmg m mm of the unknoivn solution (1 c gloss 
cell A before reduction) , ft =galvanometer reading m mm 
ofthe unknown solution + lpg ofnboflavin(i e glass cell jB), 
5= galvanometer readmg m mm of the blank (1 0 glass 
cell A after reduction), Fi = vol of combined aqueous 
extracts, F^^vol of aqueous extract taken for oxidation, 
T^j=voL of final solution prepared for flnonmetry 



Riboflavin /17 ml ) 

Fig 1 Standard curve for pure nboflavm 


Sensitivity of method and standard 
reference curve 

We have found that 1 /xg of nboflavm in 17 ml of 
0 05m phosphate acetic buffer of pH 6 gives a maximum 
galvanometer defleaon of 182 mm , by dosmg the adjust- 
able sht which decreases the exoitmg light, we normally 
work with a deflexion of 90 mm for 1 fig fVl ml of solution 


Fig 1 shov 8 the response curve There is a straight-line 
relationship between galvanometer readings and concen 
tration of nboflavm up to at least 5 pg /17 ml of solution 

Reproducibility 

To check the reproducibihty of the method, several 
sanqiles ncre analyzed m 8-12 replicates (Table 1) The 
coefllcient of vanation ranged from 2 2 to 4 6% The 

Table 1 Reproducibility of results 
Biboflavm 

r ^ 

Standard 
error of 

No of smgle deter Coefficient 



estima- 

Mean 

mmation 

of variation 

Matenal 

tions 


(yg/g) 

(%1 

Yeast, dned 

8 

60 2 

±1 082 

22 

Meat, dohj- 
drated 

8 

6 92 

±0 321 

46 

Soja bean 

12 

3 72 

±0171 

46 


Table 2 Riboflavin content of various foods 



No of 
samples 

Riboflavm (fig Ig ) 


(diflTerent 

( 

— ^ ^ 
Range 

Matenal 

sources) 

hlean 

Beef, fresh 

3 

1C 

16-17 

Beef, dehydrated 

1 

02 

— 

Beef, corned 

2 

20 

18-2 2 

Porl4 frtsh 

2 

24 

21-2 7 

Pork, dehydrated 

3 

46 

43-48 

Liver, calf 

6 

13 5 

11 8-14 6 

Liver, sheep 

10 

29 4 

21 6-36 0 

Liver, gmnoa pig 

1 

400 

— 

Eggs, dned 

10 

13 8 

8 2-16 3 

JLdk, fresh, cow’s 

3 

16 

14-18 

Milk, liuman 

6 

06 

04-0 7 

Wheat flour, 100% 

5 

12 

1 05-1 36 

extraction 

Rye, flour mixed, 

1 

27 

— 

whole 

Oatmeal 

1 

10 

■ 

Sussex oats, ground 

1 

1 5 

' 

Maize meal, yellow 

1 

08 



Soira bean, Mamtoba 

1 

3 7 


brown 

Soya flour, low fat 

1 

72 

■ 

Sova flour, high fat 

1 

12 0 



Peanuts 

1 

28 



Potatoes, firesb 

4 

0 33 

0 29-0 39 

Potatoes, peeled, 
dehydrated 

Boon Star 

1 

1 6 


Itmg Edward 

1 

16 


Majestic 

1 

06 


Tomatoes 

1 

0 6 


Carrots 

3 

0 65 

0 42-0 76 

Carrot puree 

1 

0 27 


Pea puree 

Cabbage, mner leaves 

1 

2 

1 4 

03 

0 21-0 45 

Grass, vacuum dned 

1 

44 


Yeast, Torula tiiilis. 

3 

37 2 

28 7-50 2 


dned 

Yeastrel 


2 


426 
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accuracy of the method decreases mth decreasmg con- 
centration of nboflavm m the matenal examined This low 
variation was confirmed by Bolton (private commumcation), 
who found with our procedure a coefficient of variation 
of 6 3% when analyzing groimd nut cake m 12 repeats 
(2 38 fig nhofiavm/g , standard deviation ±0 127, or 6 3 %) 

RESULTS 

Various foodstufe were examined for their content 
of nboflavm As may be seen m Table 2 the method 
IS apphcable to a wide vanety of material A 
number of foodstufis have been assayed both 
chemically and rmcrobiologically The latter method 
IS descnbed m a foUowmg paper (Kodicek, 1949) 
Good agreement was found • 

The method described above obviates the lengthy 
process of adsorption The extraction of nboflavm 
when combmed with enzymic digestion seems to be 
complete The resultmg extracts are cleeir and 
almost colourless 

It IS important to pomt out that when di- 
thiomte is used as the reducmg agent, blue hght is 


essential for obtaining the correct blank readmg 
We have observed that under ultraviolet hght 
Na^SjO^ reduces very strongly, or rather extm- 
guishes almost completely, the total fluorescence of 
the extract IVlien a ceU contammg this reducmg 
agent is placed m a beam of ultraviolet hght m 
front of a ceU contammg nboflavm, the solution 
does not fluoresce When blue hght is used as the 
excitmg source the fluorescence is almost unaltered 

SUMMARY 

1 A modiflcation of a fluonmetnc method for 
the estimation of nboflavm has been descnbed 

2 It estimates duectly the fluorescence of nbo- 
flavm by usmg a sensitive photoceU-galvanometer 
circmt without recourse to Euisorption 

3 Washmg of the extracts with chloroform and 
oxidation by potassium permanganate and hydrogen 
peroxide reduces the mterference by unspecific 
fluorescent substances The reduction of nboflavm 
by sodium dithiomte has been used to obtam the 
value of the blank 
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The Fluonmetric Estimation of Nicotinamide m Biological Materials 


By D K CHAUDHURI and E KODICEK 
Dunn Nutritional Laboratory, University of Cambridge and Medical Research Council 

(Received 31 August 1948) 


Scudi (1946) has reported that when a solution of 
nicotmamide is treated with cyanogen brormde 
(CNBr) and then extracted with taobutanol at an 
alkaline pH it fluoresces hke the compound 
formed from N^ methyhucotmamide Pyndoxal, 
ntamm Bj, A^^-methyhucotmarmde and certam 
alkaloids also produce a similar fluorescence under 
these experimental conditions Kodicek (1947) hsis 
Modified the conditions by usmg methyl ethyl 
ketone m a smgle phase at an alkahne pH instead of 


extractmg with wobutanol Even then vitamm B^ , 
pteroylglutarmc acid, i\H-methylmcotmarmde, py- 
ndoxal and qumolmic acid mterfere 

On re-exammation of the reaction we have found 
that a fluorescent compound can be obtamed from 
mcotmarmde on treatment with cyanogen bromide, 
and on standmg at an aUcahne pH, without recourse 
to an orgamc solvent By further modifications it 
was possible to eliminate the mterference of other 
fluorescent substances A method has thus been 
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worked out for the specific estimation of nicotin- 
amide m various materials m the presence of other 
mcotmio acid derivatives 

EXPERBIENTAL 

Fluorimeter The photoeleotnc fluonmeter used in these 
experiments vas of the 'one photocell type’, with Wood’s 
and calorex filters fitted between the incident liglit and the 
solution, and Wrattenno 47andno 2A filters placed between 
the solution and the photocell A sensitive mirror galvano 
meter (3800 mm /I /wimp ) was placed at a distance of 2 m 
from the scale to obtain a high degree of sensitivity 

Reagents NaOH(6N),CNBr, prepared fresh just beforetho 
experiment by adding ice cold 10 % aqueous NaCN drop by 
drop from a burette to ice cold saturated bromine water tmtd 
it IS just decolorized, 0 2m KH.PO4 NaOH bufi'er solution, 
pH 7 2, metaphosphonc acid (25%), freshly prepared, 
nicotmamide standard containing 2 6 mg /1 00 ml water, 
prepared weekly from a stronger mcotinamidc solution 


1949 

are kept in the dark at room temperature for 46 mm , after 
vhich the readings of fluorescence can be taken 

The blank correction For the blank, the solution under 
goes the same treatment except that the CNBr reagent is 
not added (‘No CNBr’ blank) The galvanometer deflexion 
due to the blank was usually 1 mm when workmg with 
mixtures of pure substances 

Variation of factors 

The conditions of the reaction desenbed above have been 
studied by varying the mdmdual factors which may affect 
the formation of the fluorescent compound 

(1) Effect of varying concentrations of CNBr and NaOH and 
of time in alkali on the development of fluorescence 

Fig 1 shows the effect of 2 and 4 mL CNBr and also of 
4, 6 and 8 ml 6 n NnOH It wfil be seen that 4 ml CNBr 
(added in the first stage) and 8 ml 6 n NaOH (added m 
the second stage) give the best readmgs The maximum 
fluorescence was attained m 30 mm and was constant for at 



0 IS 30 4S 60 120 

Time (min ) 



Fig 1 Effects of varymg concentrations of CNBr and of NaOH, and of tune m alkah on the development of fluorescence 
of mcotmamide solutions A =4 ml 6 n NaOH, B=0 ml 6 n NaOH, G =8 ml 6ir NaOH 


Principle of method for solutions of 
pure substances 

First stage (CNBr treatment) The mcotmamide standard 
(2 ml contaimng 60 fig mcotmamide) and 2 ruL phosphate 
buffer, are mixed with the CNBr solution and distdled water 
to about 14 ml m 15 ml glass stoppered measuring flasks 
The flasks are immersed for 4 mm m a water bath at 
66-58°, then cooled m ice cold water for 6 mm and the 
volume made up to 16 ml with water 

Second stage (development of fluorescence) From 6 to 
16 ml of the CNBr treated solution are taken, 8 ml 
6N-NaOH added, and the volume made up to 30 ml with 
water m a measurmg cylmder The contents are mixed 
thoroughly and transferred to a corneal flask The solutions 


least another 90 mm A period m the dark of 46 min 
has therefore been adopted 

Higher concentrations of CNBr (6 ml ) caused a decrease 
of fluorescence Shghtly larger amounts of NaOH (10 and 
12 mL) did not change the maximal fluorescence, but 16 ml 
caused a dimmution Therefore 4 ml CNBr and 8 
6 n NaOH have been adopted 

The concentration of the phosphate buffer was found to 
be of no consequence so long as its final concentration was 
kept above 0 01m We used 1 ml 0 2m phosphate buffer m 
16 ml of the reaction mixture 

(2) Fluorescence with increasing amounts of mcotmamide 
Fig 2 shows the fluorescence obtamfedwith moreasmg con 
centrations of mcotmaimde The fluorescence isproportionc 
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to the concentration of nicotmamide up to n final value 
of about 0 6 (xg /ml 



Fig 2 Fluorescence obtamed with mcreasmg 
amounts of mcotmamide 

(3) Elmimtion of interference by other fluorescent compounds 

The following compounds were tested and found not to 
fluoresce ^^-methykucotmarmde, nicotmio acid, coramine, 
qumohmo acid, a picohmo acid, tngoneUme, mpecotio acid 
(pipendme 3 carbo5:ylic acid), urea, uric acid, yeast 
nucleic acid, cholme chlonde, p ammobenzoio acid, adeno 
smetnphosphate, mositol, biotin, calcium pantothenate, 
nboflavm and mdole On the other hand, vitanun and 
diphosphopyndme nucleotide gave a fluorescence under the 
conditions of our test Pyndoxal, pteroylglutamio acid 
and mcotmic thioamide (!^rrer & Schukn, 1946) gave a 
slight fluorescence 


The fluorescence due to vitamm Bj and coenzyme i was 
particularly strong To ehminate this interference, two 
possible ways were explored (1) the use of another blank, 
le the ‘No NaOH’ blank, and (2) pre treatment of the 
vitamm solution, prior to the CNBr treatment, by aeidi- 
fication to remove acid msoluble compounds, hke fohc acid, 
followed by weakly alkalme digestion which destroys the 
vitamm B^ fluorescence but does not affect that due to 
mcotmamide 

The ‘No NaOH’ blank, which was obtamed by omittmg 
the addition of 8 ml 6 n NaOH m the second stage, proved 
to be unsuitable On the other hand, the pre treatment 
ehmmated the mterference by other substances, and did not 
dimmish the fluorescence of mcotmamide, present as such 
or formed from other pyndme compounds The results are 
seen m Table 1 which gives galvanometer readmgs due to 
the fluorescence of various compounds with and without 
pre treatment 

Pre treatment of the solution The solution to be tested is 
adjusted to pH 2 with oonc HCl and allowed to stand for 
6 mm at room temperature If any precipitate is formed, it 
18 centnfuged off The solution, m a comcal flask, is then 
brought to pH 9 4-9 6 with 20 % NaOH (thymol blue as 
eirtemal mdicator) and immersed m a boding water bath 
for 30 mm , after which it is cooled, adjusted to pH 7 2, and 
made up to a known volume The steps descnbed under 
‘ Prmciple of method ’ are then performed 

From Table 1 it can be seen that this ‘pre treatment’ does 
not affect the mtensity of the fluorescence of mcotmamide 
Diphosphopyndme nucleotide, when tested m equimolar 
concentration, gave a fluorescence of the same magmtude as 
mcotinarmde, mdicatmg that the molecule had been spht 
between the pyndme nng and nbose, and free mcotmamide 
formed Nicotmic thioarmde was converted to a compound 
givmg a fluorescence, but of a lower mtensity than that of 
mcotmamide As there is no evidence that this compound 
ocours m nature, this findmg is only of theoretical mterest 
All the other compounds tested by the final procedure 
showed either no, or httle, fluorescence, which m every 
case was accounted for by the ‘No CNBr’ blank Similar 


Substance 
Nicotmamide 
^enzyme i (48% punty) 
Nicotmic thioamide 
Aneunn 
Nicotmic acid 
Conmune 

A’l Methylmcotmamide ohlonde 

Qumohnic acid 

« Picohnic acid 

TngoneUme 

Urea 

Ptcroi Iglutamio acid 

Pyndoxal 

Piboflavm 


Table 1 Specificity of fluorescence 


Galvanometer readmg (mm ) 

K 


Without pre treatment 


With pre treatment 
procedure 


final 


Final 

‘No 

‘No 

Fuff 

‘No 

cono 

CNBr’ 

NaOH’ 

fluore 

CNBr 

(pg/ml) 

blank 

blank 

scence 

blank 

0 66 

1 

1 

71 

1 

6 2* 

46 

1 

70 

26 

1 1 

1 

1 5 

2 

1 

0 66 

6 

103 

101 

1 

1 1 

1 

1 

1 

1 

1 1 

06 

06 

06 

06 

1 1 

1 

1 

1 

1 

1 1 

1 

1 

1 

1 

1 1 

— 

— 

— 

1 6 

1 1 

— 

— 

- 

1 

1 1 

— 

— 

__ 

1 

1 1 

1 

21 

1 

1 

1 1 

1 

46 

1 6 

2 

0 78 1 11 

* Eqmmolar with mcotmamide 

1 

4 


‘No 

NaOH’ 

blank 

1 

1 

1 6 
2 
1 

06 

1 

1 

3 

1 

1 

16 

42 

16 


V 

Full 

fluorescence 

71 

72 
46 

1 

1 

06 

1 

1 

1 6 
1 
1 
1 
2 
4 
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results Trere also obtained when mixtures of the above 
substances were tested The only exception was mcotimc 
acid, the CNBr addition compound of which decreased the 
fluorescence of CNBr treated mcotmamide The nature of 
this findmg was exammed m the following exponments 

(4) Effect of different concentrations of nicotinic acid on the 
fluorescence of nicotinamide 

From Fig 3 it can be seen that there is a proportional 
decrease of fluorescence with mcreasmg concentration of 
mcotmie acid The depression is non competitive, it does 
not depend on the concentration of mcotmamide, smce 



Fig 3 Efieot of different concentrations of mcotmic acid 
on the fluorescence of mcotmamide A = mcotmamide, 
B = mcotmamide + 25 pg mcotmic acid, C=mcotm 
anude + 60 pg mcotmic acid , D = mcotmamide + 100 pg 
mcotmic acid 


when this is varied the same percentage inhibition of 
fluorescence is obtamed, dependmg on the concentration of 
mcotmic acid (Table 2) Fortunately, even with large 
amounts of mcotmic acid, the fluorescence of mcotmamide 
18 proportional to concentration withm limits We shall 
descnte below how the fluorescence of mcotmamide can be 
quantitatively measured even m the presence of mcotmic 
acid by using an mtemal standard of mcotmamide 
Nature of ‘quenching’ effect of mcotmic acid The depres 
smg effect of the mcotmic acid CNBr addition compound on 
the fluorescence of mcotmanude seems to be an ‘inner 
filter’ effect It obcurs only with mcotmic acid, no other 
pyndme derivative gives a aumlar result The ‘inner filter’ 
effect was obtamed only when mcotmic acid was treated 
with CNBr, irrespective of whether the mcotmic amd was 
added, as such, at the start of the procedure or added as the 
CNBr complex immediately before the readmg of the 
fluorescence Similar results were obtamed when a mcotmic 
acid CNBr solution was placed between the fluorescent 
mcotmamide solution and the mcident ultraviolet hght 


Table 2 Percentage mlnbitton of fluorescence of 
nicotinamide by nicotinic acid 


Nicotinic 


Galvanometer 

acid 

Nicotmamide 

readmg 

Inhibition 

(Mg) 

(Mg) 

(mm ) 

(%) 

0 

12 5 

16 

0 

0 

26 

32 

0 

0 

50 

64 

0 

Mean 0 

25 

12 6 

14 

12 5 

25 

25 

28 6 

110 

26 

60 

56 5 

117 

Mean 11 7 

60 

12 5 

12 

25 

50 

26 

24 

25 

60 

50 

486 

242 

Mean 24-7 

100 

12 5 

8 

50 

100 

25 

16 

60 

100 

60 

32 5 

49 3 


Mean 49 8 


Final procedure for the estimation of 
Nicotinamide 


Extraction and pre treatment 

The matenal to bo tested (6 g ) is weighed out, 
cut up finely with scissors if necessary, and ground 
with sand together with a small amount of 0 1 n 
HC l ( 1-2 ml ) The grotmd tissue is transferred with 
40 ml water mto a 100 ml beaker, and heated in a 
bodmg water batli for 30 mm The solution is cooled, 
brought to pH 2 with concentrated HCI, cento 
fuged, and the residue washed with 10 ml 0 1 N 
HCI and centrifuged The combmed centrifugates 
are brought to a known volume with 0 1 N HCI 
(usually 40 ml ) Freshly prepared 26 % meta 
phosphoric acid (6 ml ) is added The precipitate is 
centrifuged after standmg for 6-10 mm at room 
temperature The clear solution is brought to 
pH 9 4-9 6 (thymol blue as external mdicator), and 
18 then heated in a beaker m a boihng water bath 
for 30 min The solution is cooled, carefully adjusted 
to pH 7 2, and the volume msuie up to 60 ml It is 
then filtered through Whatman no 6 filter paper, 
and is ready for the next stage of the estimation 
An amount of the extract (referred to as H) is taken 
to contam about 6—26 pg of mcotmamide 


ivelopmcnt of fluorescence 

First stage (CNBr treatment) Three 15 ml glass 
ippered measurmg flasks are taken (preferab y m 
pheate), and the reagent mixed accordmg to the 

lowmg scheme , 

Flask A (blank) xml U + 2ml 02n phosphate 
£fer + (I2-a;) ml water 
Flask B (unknown) a;ml 17+2 ml 

atebuffer + 4ml CNBrsolution+(8-a:)ml water 
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FlasL G (unknown + internal standard) 1 ml 
(26 fig ) mcotmanude standard + t ml O' + 2 ml 
0 2 M-phosphate buffer + 4ml CNBr solution + (7 — t) 
ml water 

The flasks, after their contents have been 
thorouglily mixed, are immediately placed for 
4 min m a water bath at 66-68° It is convement 
to suspend them on the nm of the water bath 
by a strmg counterbalanced by the stopper The 
solutions are then cooled m ice-cold water for 
6 mm and the volume made up to 1 6 ml with water 

Second stage The CNBr -treated solution (6 ml ) 
IS placed m a measurmg-cyhnder (up to 16 ml can 
bo taken, dependmg on the concentration of mco- 
tmanude Sind the clearness of the solution) NaOH 
(8 ml , 6 N-) IS added, and the volume made up to 
30 ml with water The contents are mixed and 
transferred to comcal flasks which are kept for 
45 min at room temperature m the dark The 
readmgs of fluorescence are then taken 

Calculation 

Let a = galvanometer readmg correspondmg to 
flask A, 6 = galvanometer readmg correspondmg to 
flask B, c= galvanometer readmg correspondmg to 
flask C, a:=ml of 17 taken for analysis, and 
/= dilution factor Then 

b — a 26 

mcotmanude (fig /g ) = — / 

c — b X 

Reproducibility of results 

Rephcate estimations of the mcotmanude con- 
tent of a specimen of rat muscle usmg tlie method 
described here have been statistically analyzed and 
compared with mcotmic acid results obtamed with 
a modified p-ammoacetophenone procedure (Wang 
& Kodicek, 1943 , Harris & Raymond, 1939) It will 
he seen that the standard error is small The results 
are shown m Table 3 


Table 3 Reproducibility of results 


Rat mnsde 

Nicotinamide 

Total mcotmic acid 

(sample no ) 

(fig/g tissue) 

(fig/g tissue) 

1 

62 6 

71 2 

2 

610 

69 6 

3 

66 8 

68 3 

4 

643 

68 9 

5 

69 6 

70 8 

0 

62 6 

72 6 

ilean 

64 3 (±3 06, 

70 2 (±1 66, 


standard 

standard 


error of 

error of 


anmdi- 

anmdi- 


vidual 

wdual 


estima 

estima- 


tion) 

tion) 

Standard error 

124 

0 68 

of the mean 


RESULTS AND DISCUSSION 

The method as described has proved a convement 
and rapid procedure for the estimation of mcotm- 
amide It seems to be reasonably specific, as no 
naturally occurrmg substances capable of fluores- 
cence which we have tried so far have been found 
to mterfere The quenchmg which is experienced m 
extracts is corrected for by the mtemal standard 
Tlie method estimates total mcotmanude either 
present as such or derived from mcotmanude - 
oontammg compounds such as coenzyme I These 
break down durmg the pre-treatment and mcotm- 
anude IS hberated Precautions must be taken 
which have been aheady described by Wemg & 
Kodicek (1943) m the CNBr reaction the pH must 
be adjusted carefully to 7 2, and only fresh cyanogen 
bromide, prepared from ice cold solution, should be 
used 


Table 4 Nicotinamide and nicotinic acid content 
of biological materials 

Present authors Krehl et al (1946) 


Matenal 

Nicotm 

amide 

Total 

nicotmio 

acid 

Nicotin- 

amide 

Total 

mcotmic 

acid 

analyzed 

(Mg/g) 

(ftg /g ) 

(pg/g) 

(fig/g) 

Rat 

Liver 

125 

119 

148 

164 

Muscle 

65 

52 

73 

78 

Kidney 

83 

78 

79 

87 

Heart 

91 

94 

— 


Spleen 

40 

427 

— 

— 

Lung 

19 

17 

— 

— 

Bram 

36 

41 8 

, — 



Testis 

18 

21 6 

— 

— 

Wheat bran 

0 

165 

. 48 

246 

Wheat flour 

<6 

42 

15 

49 7 

(100% ex- 
traction) 

Wheat germ 

20 8 

39 2 

20 7 

43 6 

Dried yeast 
Baker’s yeast 

185 5 

380 



. 

100 4 

199 





Brewer’s yeast 

62 8 

124 8 





Marmite 

0 

640 






Table 4 sho^ the results obtamedjiy our method 
on various materials The values were compared 
with the total mcotmic acid content estimated 
chemically by a modified p ammoacetophenone 
procedure The results of Krehl, Huerga, Elvehjem 
& Hart (1946) on similar materials have been listed 
m this table for comparison so far as they have 
been reported The method used by Krehl et al 
IS based on a microbiological procedure usmg 
Leuconostoc mesenteroides, which estunates only free 
mcotmic acid The mcotmanude and compounds 
other than mcotmic acid are therefore calculated 
by difference between values for the hydrolyzed 
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and unliydrolyzed sample Our figures agree fairly 
■well -witli those of the American workers 

The rat tissues winch we have studied seem to 
contam almost all theu mcotimc acid m the form of 
amide, bound or free Yeast contains about 60 % of 
the "vitamm as amide compounds From our results 
we do not know whether the free mcotimc acid 
found m yeast is an artifact, caused by rapid break- 
do-vm of the amide to mcotimc acid, though the 
same proportion of the acid and amide has been 
obseri'^ed both m dried and fresh yeasts Autolyzed 
yeast and marmite e'vndently contam only the 
mcotimc acid and no amide 

Cereal products give mterestmg results Krehl et 
al (1946) reported that a certam proportion of the 
lugh amount of mcotimc acid compounds m bran is 
possibly present as the amide, though they quahfy 
theu statement that possibly the precursor of 
mcotimc acid (Kodicek, 1940, Krehl & Strong, 
1944, ICrelil, Elvehjem & Strong, 1944) may con- 
tribute to the apparent mcotmamide value We did 
not find any mcotmamide m bran emd conclude 
that the ‘precursor’ of mcotimc acid present m tins 
cereal must break duwn on our pre treatment to 
free mcotimc acid and not to the amide On the 
other hand, wheat germ contamed about 60% of 
its -vitamm content eis mcotmamide Tlie negative 
results for 100 % extraction whole-wheat flour seem 
to mdicate that only small amoimts of mcotmamide 
are present winch would not be detected because 
of the large experimental error occurrmg m low- 
■vitamm extracts 


SUMMARY 

1 A quantitative method for the estimation of 
mcotmamide has been developed, based on the 
formation of a fluorescent compound from mcotm 
amide on treatment •with cyanogen bromide under 
specified conditions 

2 The method elimmates possible mterference by 
other compounds gi'vmg a similar fluorescence under 
the conditions of the test by the use of acid and 
alkahne pro -treatment and of a special blank It 
estimates the total mcotmarmde content, including 
the free and bound forms 

3 The procedure gives specific and reproducible 
results for biological materials and for cereals, and 
the results agree veil ■with the reported micro 
biological values 

4 Practically all the -vitamm m rat organs and 
muscles seems to be present m the form of the 
amide, bound or free In bran, no mcotmamide 
could be detected before or after digestion It is 
assumed that the breakdo^wn product of the ‘pre 
cursor ’ of mcotimc acid present m bran is the free 
acid and not the amide Yeast and wheat germ 
seem to contam about 60 % of the ^^tamm present 
m the armde form, bound or free 

Our thanks are due to Dr L J Hams for his cntirasm 
and helpful suggestions, to Prof P Karrer for kmdly 
supplying us 'With mcotmio thioamide, to Dr T H Jukes of 
Ledorle Laboratones for supphes of pteroylglutamio acid, 
and to Dr K- Folkers of Merck and Co , Eahiray, USA., 
forthepjTido’^alhydroohlonde One of us (D K Chaudhun) 
18 an Indian Government Scholar 
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The Tryptophanase -tryptophan Reaction 

9 THE NATURE, CHARACTERISTICS AND PARTIAL PURIFICATION 
OF THE TRYPTOPHANASE COMPLEX 

By B A DAWES and FRANK C HAPPOLD 
Department of Bwchenustry, School of Medxcine, University of Leeds 

[Received 9 July 1948) 


The name tryptophanase was given by Happold & 
Hoyle (1936) to the enzyme complex of Escherichia 
coll which mduces and catalyzes the production of 
mdole from tryptophan by non-viable bacterial 
preparations with the consumption of five atoms 
of oxygen (Woods, 1935) The present commumca 
tion describes tfie preparation of this complex m the 
cell free state, and subsequent mvestigation of the 
components present by a study of the action of 
vanous recognized inhibitors, followed by resolu- 
tion and identification of the coenz 5 me factors 
involved A prehmmary announcement of some of 
the results has been made (Dawes, Dawson & 
Happold, 1947 a) The mvestigation of the nature 
of the tryptophaneise complex (Dawes, Dawson & 
Happold, 1947 b, c) was followed by an examination 
of its characteristics, and attempts at purification 
were earned out by a mm onium sulphate fiactiona 
tion Wood, Gunsalus & Umbreit (1947) have 
already published results of a partial purification of 
the enzyme effecting fission of the tryptophan 
molecule usmg a similar techmque to ours , we and 
they have shown mdependently that pyndoxal 
phosphate is the coenzyme for the reaction, while 
they have shown also that the products of the 
reaction are one mole each of mdole, pyruvic acid 
and ammoma 

METHODS 

Washed suspensions of Esch coh were obtamed from 
cultures grown for 18 hr at 37° on tryptic digest of casein 
solidified with agar Indole was determined by the method 
of Happold L Hoyle (1934) For small amounts of mdole 
tbe rosmdole colour was developed with 6 ml Ehrheh’s 
reagent and read m the Hilger Spekker absorptiometer 
using Ilford 605 spectrum yellow green filters The curve is 
Imear over the range 1-12 fig mdole 

For growth experiments the following ammo acid medium 
■vasused n cystme, Img , glycme, 6 mg , DL-vahne, 10 mg , 
^lum DL-glutamate, 50 mg , sodium lactate, 150 mg , 
AaCl, 50 mg , NajHPO^ 12H.O, 25 mg , KH^PO^, 3 5 mg , 
'IgSO^ 7H.O, 3 mg , and FeSO^ 7HjO, 35 fig Water to 
10 ml , pH adjusted to 7 4 

For the microbiological assay of nboflavm the foUowmg 
was used 10% acid casern hydrolysate, 
7^ • nicotmic acid, 200 fig , calcium pantothenate, 

^ , p ammobenzoic aeid, 100 fig , biotm, 2 fig , 


pyndoxme, 400 fig , vitamm solution, 2 ml , L leucine, 
20 mg , DL isoleucme, 20 mg , mmeral solution, 4 ml , 
FeSOi 7 H 2 O, 800 fig , DL tryptophan, 100 mg , l cystme, 
800 mg , KHjPO*, 4 g „glucose, 20 g , liver eluate fraction, 
2 ml Water to 2 1 , pH adjusted to 6 8 The mineral 
solution contamed MgSO^ 7 H 2 O, 22 6 g , CuSO^ SHjO 
(1% w/v), 5 ml, ZnSO^, 7 H 2 O (1% w/v), 4 ml, 
MnClj ffljO (1 % w/v), 1 6 ml , cone HCl, 3 ml Water to 
100 ml The vitamm solution contamed pyndoxme HCl, 
8 mg , ohohne HCl, 8 mg , aneurm, 2 mg Water to 20 ml 

Pyruvate was determmed by the method of Fnedemann 

Haugen (1943) usmg the toluene extraction technique 
specifio for pyruvic acid The colours were read m the 
Spekker photoelectric photometer usmg Ilford 604 spectrum 
green filters 

The microdiffusion method of Conway (1933) was used 
for NHj dete rmin ation 1 ml 0 OIn HCl was placed m the 
centre compartment of the umt and 1 ml samples of the 
sdlution tmder mvestigation m the outer compartment 
KOH (40 % w/v, 0 5 ml ) was used to hberate NHj and the 
excess acid was titrated with 0 OlN-Ba (OH)j 

Nitrogen detennmstions were earned out by the micro- 
Kjeldahl method Enzyme solution (1 mL) was digested 
with 1 ml cono HjSO^ with El^SO^-CuSOi catalyst NHj 
was distilled mto 0 01 n acid and titrated with 0 01 n alkali 

Manometnc experiments with the cell free enzyme were 
performed with Barcroft differential manometers at 37° 
Vessels were set up with contents control vessel, 4 ml 
phosphate buffer (pH 7 0) + 1 ml enzyme, reaction vessel, 
4 ml phosphate buffer (pH 7 0)-fl ml enzyme -J- 250 fig 
L tryptophan With NaOH in the centre weUs gas evolution 
occurred both m the control and reaction vessels, when the 
NaOH was replaced by HCl, controls showed no gas 
evolution or uptake, but reaction vessels showed a steady 
evolution of COj Where the latter was being absorbed gas 
evolution reached a maximum and then fell off Tfie 
findmg of gas evolution, which is removed by placmg acid 
m the centre well, is difficult to explam It is apparently a 
basic gas, but it cannot be NHg or any of the common 
volatile ammes, smee these would be absorbed m the 
reaction fimds at pH 7 0 under the experimental conditions 
Proteolysis of the eruiyme may be responsible for production 
of this umdentified gas 

Activities of enzyme preparations durmg the purification 
procedure were determmed under four conditions, viz tubes 
containing 0 5 ml enzyme, 0 5 ml (1 % w/v) l ti^tophan, 
4 ml phosphate buffer (pH 7 0) to which the foUowmg 
additions were made (a) ml, (b) 30 fig pyndoxal phosphate, 
(c) 30 fig nboflavm, (d) 30 fig pyndoxal phosphate -1- 30 ug 
nboflavm, were menbated at 37° and the ihdole content 
determmed after 30 min. 
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EXPERIMENTAL 

Action of various inhibitors on 
tryptophanase actimfy 

’Experiments were conducted with washed-cell 
suspensions and with the cell-free enzyme to deter- 
mine the effect of various recogmzed mlnbitora of 
enzyme action on tryptophanase activity with the 
object of asoertammg the type of enzjrme S 3 '’ 8 t 6 ms 
comprismg the enzyme complex TJie percentage 
inhibition is given m Table 1 for the washed coll 
suspensions and m Table 2 for the cell-free enzyme 
Cyanide Potassium cj'^amde exerts a marked 
inhibitory effect on tryptophanase activity as 
measured by mliibition of mdole production 

Various inhibitors Semicarbazide, liydrazme, 
hydroxylaimne, sodium azide, mercuric chloride, 
ferrous sulphate and copper sulphate all inliibitod 
to a greater or less degree Sodium malonate had 
no effect 

Table 1 Effect of various inhibitors on tryptophanase 
activity of washed bacterial suspensions • 

(Phosphate buffer (20 ml , pH 7 4) , 1 mg dl tryptophan 
and 0 5 ml washed cell enapenaion m 126 ml Erlenmeyer 
flasks Inhibitor added to desired concentration Flasks 
mcubated aerobically at 37® without shaking, indole 
determmed at times given below ) 




Time of 



Concentra 

deter- 



tion 

mmation 

Percentage 

Inhibitor 

(M X 10-5) 

(mm ) 

inhibition 

Cyamde 

2 

16 

100 



46 

94 


1 

16 

93 



45 

90 


06 

16 

88 



46 

87 


06 

15 

83 



46 

80 


04 

16 

83 



46 

70 

Semicarbazide 

10 

30 

64 


26 

30 

40 


1 

30 

20 

Hydrazme 

10 

30 

100 

25 

30 

100 


1 

30 

100 

Hydroxylamme 

10 

30 

100 

26 

30 

100 


1 

30 

100 

Sodium azide 

10 

30 

60 


25 

30 

20 


1 

30 

7 

Merouno chloride 

10 

30 

100 


26 

30 

100 


1 

30 

100 

Ferrous sulphate 

10 

30 

23 


1 

30 

2 

Copper sulphate 

10 

30 

92 


1 

30 

76 


1949 

British anti lewisite {BAL) Inhibition was mani- 
fest over the range of concentration 0 001-0 1 m 

Table 2 Effect of various inhibitors on trypto 
phanase activity of cell-free preparations 

(Phosphate buffer (20 ml , pH 7 4), 1 mg bl tiyptopban 
and 0 6 ml coll free enzyme m 125 ml Erlenmeyer flasks 
Inhibitor added to desired concentration Flasks mcubated 
aerobically at 37“ without shakmg, mdole determined at 
times given below ) 

Time of 



Concentra- 

deter 



tion 

mmation 

Percentage 

Inhibitor 

(M X 10-5) 

(mm ) 

inhibition 

Potassium oyamde 

20 

90 

100 

2 

90 

93 


1 

90 

93 


06 

90 

87 


06 

90 

83 


04 

90 

80 

Semicarbazide 

10 

30 

29 


25 

30 

19 


1 

30 

16 

Hydroxylamme 

10 

30 

95 

26 

30 

91 


1 ’ 

30 

86 

Hydrazme 

10 

30 

100 

26 

30 

91 


1 

30 

81- 

Dimedone 

Saturated' 

60 

22 


solntion in 

120 

30 


ethanol 

90 

22 



180 

62 

BAL 

100 

30 

100 



60 

100 


60 

30 

100 



60 

100 


10 

30 

99 


60 

77 


6 

30 

90 



60 

31 


1 

30 

Nil 



60 

Nil 

Sodium malonate 

33 

30 , 

Nil 


Dimedone It was reported by Baker, Happold d 
Walker (1946) that dimedone has no effect on the 
tryptophanase activity of viable cells Expenmei^ 
were performed with the cell free enzyme m t e 
same manner as the origmal experiments so that a 
true comparison might be obtained The dune one 
was used as a saturated solution m ethanol an 
similar amounts of ethanol were added to t 0 
controls Erlenmeyer flasks (125 ml ) were set up 
with contents 20 ml phosphate buffer (pH > 
0 6 mg L tryptophan and 0 6 ml enzyme solution, 
to which additions were made as follows (o) none, 
(6) 0 2 ml ethanol, (c) 0 2 ml dunedone solution 
In Table 2 are given results from two such 
ments usmg different enzyme preparations, tn 
percentage inhibition produced by dimedone em 
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based on the ethanol control Ethanol itself causes 
some inhibition Thus dimedone has the same effect 
as the other carbonyl reagents and their inlubitory 
effect suggests the presence of a carbonyl contammg 
component such as pyridoxal phosphate 

Carbon monoxide A ■washed-cell suspension of 
Each coh was divided mto two portions, through 
one of which carbon monoxide was bubbled for 
10 mm and then 0 6 ml of each sample was added 
to flasks contammg the usual 20 ml buffer and 
0 6 mg L-tryptophan Indole determmations at 
16 and 30 mm showed that the inhibition produced 
was 26 and 20% respectively With 0 6 ml cell- 
free enzyme the inhibition at 16 and 30 mm was 
60 and 26 % respectively 

Hydrogen sulphide This expenment was con- 
ducted m a similar manner to that with carbon 
monoxide, hydrogen sulphide weis bubbled tlirough 
one portion of the bacterial suspension or enzyme 
solution for 10 mm With bacterial suspension the 
inhibition produced m 15 and 30 mm was 28 3 and 
16 7 % respectively With cell -free enzyme it was 
66 and 62 % m 30 and 46 mm respectively 

Sulphamlamide (a) Growth experiments Indole 
production ran parallel wath growth as shown m 
Table 3 

(6) Effect on preformed tryptophanase of viable cells 
Sulphamlamide was added at concentrations of 
0 0233, 0 00233 and 0 000233 m to flasks contammg 
20 ml borate buffer (pH 8 6), 0 6 mg L-tryptophan 
and 0 6 ml bacterial suspension (The solubihty of 
sulphamlamide precluded the possibihty of m- 
creaamg the concentration ) Indole was deter- 
mmed at 16 mm and sulphamlamide was found to 
be without effect on preformed tryptophanase 


Table 3 Effect of sulphamlamide on growth and 
indole production of Esch coh in culture 

(Basal ammo acid medium to which l tryptophan was 
added to 1 47 x 10“^M (0 003% w/v) Sulphamlamide 
(m p 166-166°) added m senal dilutions to 10 ml portions 
of medium distributed m test tubes After autoclavmg, each 
tube was mdculated with a loopfol of light cell suspension 
and mcnbated at 37° ) 


Concentration 


Growth 


Indole pro 

of sulpharul- 

f 

A 


duced (pg ) 

anude (ii) 

24 hr 

48 hr 

72 hr 

at 72 hr 

Nil 

+ + + + 

— 

— 

63 

2 33 X 10-2 

Nil 

Nil 

m 

Nil 

2 33 X 10-2 

+ 

+ + + + 

- 

60 

2 33 X 10-* 

+ + + 

+ + + + 

- 

63 

2 33 X 10-2 

+ -)- + + 

- 

- 

61 


Various cations A study of the effect of various 
cations on the activity of cell-free tryptophanase 
was made Salts mvestigated mcluded CaCla , KCl, , 
FeCla, NaCl and CuSO^ 

The experiments were earned out m test tubes, con- 
tammg 0 6 mg L-tryptophan, 1 ml enzyme solution, and 
the appropnate salt to desired concentration, the volume 
bemg made up to 3 ml with phosphate buffer (pH 7 4) 
The tubes were meubated at 37° and withdrawn at suit 
able mtervals when the degree of precipitation was noted 
and the mdole detennmed 

Table 4 shows that precipitation of the protem is 
effected by di- and tri-valent cations only, mono- 
valent cations bemg without effect, and also that m 
the case of calcium and ferric ions precipitation 
occurs over a defimte concentration range, above 
and below which no precipitation occurs In general 
mdole production faUs off markedly with mcreasmg 
concentration of these ions,'even where no precipi- 
tation occurs 


Table 4 Action of various salts on tryptophanase activity 


(Tubes contamed 0 5 mg L-tryptophan, 1 mL enzyme solution, appropnate salt to desired concentration and volume 
made up to 3 ml with phosphate buffer (pH 7 4) Incubated at 37°, mdole and degree of precipitation detennmed at 3 hr 
mdole production at 3 hr is given as a percentage of the control tube Degree of precipitation at 3 hr denoted by -f 
Tr =trace, - =nil ) ’ 

CaOj KCl NaCl FeCl, CuSO* 


Concentration 

/ 

Indole 

(si) 

Pptn 

production Pptn 

48 

+ + 

None 

20 



1 2 

+ + + 

None 

1 0 



02 
n 1 

+ + 

None - 

0 05 

004 



0 02 

0 01 

0 004 

0 002 

0 001 

0 0001 

0 00001 

-t- 

68 


A 

Indole 

t 

A 

> 

Indole 

/ 

production Pptn 

production 

Pptn 

40 

- 

33 


60 


64 


80 

— 

76 

- 

100 


100 


100 


100 

+ + 

Tr 


Indole Indole 


production 

Pptn 

production 

None 

None 

+ + + -(- 

None 


+ + + + 

8 

90 

90 

-b + -f- -t 

8 

100 


+ + + + 

8 


+ + + + 

24 


- 

44 


- 

100 
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Preparation of cell free tryptopJianaee keeping in a desiccator KCa extracts could be stored at 0° 

for a penod -nutbout serious loss of activity, e g over a 
Work on the preparation of the cell free complex penod of 16 days there was 11% loss of activity When 
was begun with an mvestigation of the effectiveness extracts were stored at 0° it was often found that a precipi 

of acetone drying and subsequent extraction This tateofprotem separated Out, this was shown to be devoid of 

method proved to be efficient (Dawes et al 1947 o) tryptophanaso activity and could he discarded 


Preparation of acetone dried Eschenchia coh Cells groivn 
for 22 hr at 37° on a tryptic digest of casein sohdified with 
agar were harvested, n ashed and filtered through glass 
wool Thick, creamy suspensions obtamod m this way wore 
poured into 6 vol ice cold acetone with constant stimng 
The flocculated cells were filtered off on a Buchner funnel 
and washed successively with acetone, acetone ether 
(1 1 v/v mixture) and finally ether Drying was achieved by 
draining on the Buchner and placmg m a CaGlj desiccator 
Durmg the filtration, care must be exercised that the cells 
are kept under the wash hqmds, and not allowed to become 
dry untd the final ether washmg has been performed If tins 
IS not observed the preparation obtamed is brown and 
glutmous instead of the usual white powder, and its activity 
IS seriously impaired 

Extraction of tryptophanase from acetone dried cells 
Extracts were made with buffer solutions of pH 6, 7 and 9 by 
meubatmg 20 mg powder/ml buffer for 2 hr at 37°, centn 
fuging and testmg the cleat supernatant for tryptophanaso 
activity After a few tnals the incubation penod was 
increased to overnight The activity of the extracts was 
measured by the indole production when 1 ml extract was 
meubated with 5 ml phosphate buffer (pH 7 4) and 1 rag 
L tryptophan Activity was ml with extraction at pH 6, 
slight at 7 and more marked at 9 A more detaded study 
resulted m the use of borate buffer (pH 8 0) and overnight 
extraction, and this led to an mvestigation of the efiBciency 
of salt solutions as extractants, namely KCl and NnjS 04 
KOI was shown to be more effective than Na 2 S 04 and far 
more effective than borate buffer (pH 8 6) 

The effectiveness of extraction at varymg 
potassium chloride concentrations, viz saturated 
solution (approx 27 g /lOO ml ), 24 g /lOO ml 
(3 2 m), 12 g /lOO ml (16 m) and 8 g /lOO ml 
(1 06 m) was compared Of these, maximal extrac 
tion was obtamed with a concentration of 1 6 M, 
which IS practically a half-saturated solution, and 
the latter was used m aU subsequent work 

Tlie efficiency of the extraction procedure used 
was detenmned by relatmg the activity of the 
preparation to the dry weight of material used The 
activity was expressed as pg mdole produced/mg 
dry wt of matenal/30 min Table 5 records the 
activity at three stages of the procedure, from which 
it will be seen that the potassium chloride extract 
contams approximately one third of the activity of 
the origmal bacterial suspension, and that the 
potassium clilonde extracts approximately 80 % of 
the activity of the acetone dried cells About 40 % 
of the ongmal activity is foimd m the acetone dried 
cells 

Storage of preparations Acetone dned cells letamed 
activity over several months without appreoiahle loss even 
if stored m a covered dish at room temperature without 


Table 6 Activity of enzyme at stages of 
extraction of tryptophanase 

(Tubes meubated at 37° with 4 6 ml phosphate buffer 
(pH 7 6), 2 rag L tryptophan and 0 5 ml enzyme prepara 
tion ) 

Activity 


Jlatenal 

f 

(aC mdole/me 

\ 

diy wt /30 mm ) 

Percentage 

Cell suspension 

1 59 

100 

Acetone dned colls 

0 63 

39 6 

KCl extract of acetone 

0 54 

33 6 


dned cells 

Resolution of the cell free enzyme 

The cell-free enzyme, obtamed as potassium 
chloride extracts from acetone dried cells, was 
subjected to ISlir dialysis m a collodion hag, against 
distilled water This reduced the actmty but macti 
vation was mcomplete The still active protein was 
kept at 0° for 7 days and agam dialyzed for 18 hr 
The dialysates were concentrated under reduced 
pressure to small volume, they were yellowish m 
colour and fluorescent m ultraviolet hght The apo 
enzyme and dialysate were devoid of tryptophanase 
activity when tested separately with 0 5 mg t 
tryptophan m 6 ml phosphate buffer (pH 7 4), but 
when added together activity was regamed, though 
much reduced Tlius, 1 ml enzyme before dialysis 
produced 26 pg mdole m 60 mm , wlule 1 ml re 
constituted enzyme after dialysis produced 3 pg 
mdole m 60 mm This mdicates that dialysis causes 
serious damage to the apoenzyme of tryptophanase 
If dialysis is performed agaijist runiimg water then 
the enzyme can be mactivated after 18 hr dialysis 

Olncose-grown cells Experiments were also per 
formed vnth potassium clilonde extracts of acetone 
dned Esch coh obtamed from 18 lir growth 
on tryptic digest casern agar to which 1 % (W'O 
glucose had been added These cells were devoid 0 
tryptophanase activity (Happold & Hoyle, 1936) 
Tlie extracts were dialyzed m a manner similar to 
that described above to yield a protem fraction 
and a dialysate 

Tubes were set up with the followmg contents 
6 ml borate buffer (pH 8 6) and 0 6 mg l tryptophan 
and (a) 1 ml apoenzyme -1- 1 ml glucose dialysate, 
(b) 1 ml protem fraction + 1 ml ordmary dialysate 
After 60 mm mcubation, the mdole production was 
(o) 2 pg , (6) ml From this, and sunilar experiments, 
it was evident that the dialysate from glucose grown 
cells was capable of activatmg the apoenzyme o 



Vol 44 

tryptopbanase, ■whereas the protein moiety of 
glucose gro'wn cells could not be acti'wated 

Rtboflavin assay Samples of apoenzyme and 
dialysate, obtamed as above, -were assayed for nbo- 
fla-vm content by the microbiological method usmg 
LactobaciUus caset E (Table 6) From the curve for 
acid production -with kno-wn amounts of nbofla-vm 
it -was found that the nboflavm content of 1 ml 
apoenzyme solution -was 0 206 /xg at 72 hr and 
0 266 yg at 90 hr gi-vmg a mean figure of 0 260 yg 
nboflavm/ml With the dialysate the figures 
obtamed -were more divergent, -viz 0 136 and 
0 096 yg at 72 and 90 hr respectively, gi-vmg a 
mean figure of 0 116 /xg nbofla-vm/ml 

Thus by nucrobiologioal assay both the apo- 
enzyme and the dialysate of -bryptophanase (-which 
were of themselves mactive for mdole production) 
contam nbofla-vm Apparently some' nbofla-vm, 
presumably as a prosthetic group, is dialyzed from 
the protem 

Table 6 Assay of protein and dialysate of 
tryptophanase for nboflamn 

(Medium (20 mb) was dispensed m 126 ml Erlenmeyer 
flasks and stenlized for 10 min at 10 lb /sq m To each, 
flask were added 0 2 ml CaCl^ solution (0 6 % w/v) and 
, further additions as below Apoenzyme and dialysate used 
were obtamed from KOI extracts and to counteract the effect 
of added KOI, additions of eqmvalent amounts of KOI solu 
tion were made to control flasks (see Chattaway, Happold 
L Sandford, 1943) Acid production determmed at 72 and 
90 hr by titration -with 0 In NaOH ) 

Acid production 
(ml 0 In) 


Exp 

Addition 

72 hr 

90 hr 

1 

Nil 

Nil 

Nil 

Nd 

2 

Ribofla-vin 

01 yg 

0 80 

1 66 

3 

it 

02 „ 

1 66 

2 85 

4 

t 

03 „ 

2 96 

4 60 

6 

tt 

04 „ 

4 60 

9 60 

6 

Protem 

10 ml 

2 60 

3 70 

7 

tt 

0 1 „ 

040 

0 60 

8 

tt 

0 01 „ 

Nd 

Nd 

9 

tt 

0 001 „ 

Nd 

Nd 

10 

Dialysate 

10 „ 

0 96 

1 30 

11 

tt 

0 1 „ 

Nd 

Nd 

12 

tt 

0 01 „ 

Nd 

Nd 

13 

tt 

0 001 „ 

Nd 

Nd 


Spcdrophotometnc examination of dialysate The 
original spectrophotometnc analysis was kmdlj’^ 
undertaken by Dr F Bergel The sample had a dry 
M eight of 87 mg /ml and the analysis revealed only 
one characteristic band -with a maximum at 
266 6 my and a mmimum at 229 my The shape of 
the curve obtamed was sinular to that of mcotmic 
acid which has its maximum at 260-202 m^ 
SpcctrocJicmical examination of apoenzyme The 
apoenzjTne obtamed by dialysis was exammed 
epoctrochemically by Mr J Ewles to detect and 
Biochcm 1^49, 44 
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estimate any metalhc elements present A Littrow 
type spectrograph was used and a total exposure of 
250 sec was necessary Iron was detected and the 
spectrum of the apoenzyme was compared -with 
that of iron solutions of varymg strength Iron was 
present to a concentration of 1 6 parts/1,000,000 
Other metalhc elements were not detected 

Identification of the eoenzyme factoi s 

Attempts were made to reactiva-te the apoenzyme 
usin g pyridoxal phosphate, nbofla-vm and diphos- 
phopyndme nucleotide (DPN), the presence of 
which were considered as possibihties m mew of the 
mterpretation of results obtamed -with inhibitors 
and spectrophotometnc anal 5 isis 

A ceU-free extract was dialyzed against water for 
42 hr and found to be qmte mactive Tubes were 
then set up -with contents 6 ml phosphate buffer 
(pH 7 0) + 1 ml apoenzyme + 1 mg L-tryptophan, 
to which the foUo-wmg additions were made (a) ml, 
(6) 30 yg pyridoxal phosphate, (c) 200 yg DPN 
After 60 mm mcubation at 37° the mdole pro- 
duction Was (o) ml, (b) 2 yg , (c) ml 

Experiments were repeated -with additions as 
mdicated m Table 7 Indole production was 
negative after 60_mm mcubation so the experiment 
was repeated, meubatmg for 48 hr and platmg at 
the conclusion to make sure that gro-wth had not 
occurred 

Table 7 Action of various coenzyme factors in 
reactivation of apoenzyme of tryptophanase 

(Tubes set up -with contents 6 ml phosphate buffer 
(pH 7 0), 1 ml apoenzyme (prepared by dialysis against 
water for 42 hr ), 1 mg L-tryptophan Additions as below 
Incubation at 37° PP=30 yg pyridoxal phosphate, 

11=20 yg nboflawn, DPN=200 yg diphosphopyndme 
nucleotide ) 


Additions to 1 ml 

Indole (yg ) 

apoenzyme 

at 48 hr 

Nd 

Nd 

PP 

Nd 

PP+DPN 

185 

PP-t-R 

5 

R 

Nd 

R-tDPN 

286 

DPN 

160 

R+PP+DPN 

395 


Table 7 sho-ws that reactivation was achieved 
■with the combmed addition of pyridoxal phosphate, 
nbofla^nn and diphosphopyndme nucleotide In 
such reactivation experiments where positive and 
negative findmgs have been found at different tunes 
■with any smgle factor, it is the positive finding 
which IS significant, smee -with a coenzjnne complex 
the hmitmg factor 15 the one which is m short 
^pply In samples of apoenzyme assayed nbo- 
flavm was present, but the apoenzyme was qmte 
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mactive for tryptophanase Here again is evidence 
that dialysis exerts a profound effect on the apo- 
enzyme presumably acceleratmg denaturation 

Effect of earner systems on trypto- 
phanase activity 

Vei doperoxidase The absence of a normal 05^0- 
chrome sj^stem m Esch coli (Kedm & Harpley, 
1941), coupled with the fact that a study of the 
action of non inhibitors mdicated that non catalysis 
was occurrmg, led to an mvestigation of related 
carrier systems A^erdoperovidase (AT?0), which has 
been considered as a more or less modified cj^hj- 
olirome a derivative, was prepared to mvestigate 
its effect on tryptophanase activity The prepara- 
tion was carried out according to the method of 
Agner (1943) from 1 1 of pleural fimd oh tamed from 
a tuberculous patient, and the resultmg solution 
was tested for its effect on both washed-cell sus- 
pensions and the call -free enzyme 

For these experiments 126 ml Erlenmeyer flasks 
were set up with 10 ml phosphate buffer (pH 7 4), 
0 6 mg L-trjTptophan, 0 6 ml VPO solution and 
either 0 6 ml bacterial suspension or 1 ml cell-free 
enzyme Controls contamed no VPO The results 
m Table 8 show that VPO stimulated mdole pro- 
duction m both cases 

Table 8 Effect of verdoperoxidase {VPO) on indole 
production by washed suspensions of Esch cob and 
by cell free tryptophanase 

(125 ml Erlenmeyer flasks contamed 10 ml phosphate 
buffer (pH 7 4), 0 6 mg l- tryptophan and 0 6 ml ivashed ceU 
suspension or cell free enzyme Incubation at 37° ) 

Indole production (fig ) 


Experiment 

Time 
(min ) 

Control 

VPO 
(0 6 ml) 

Washed ceU 

16 

133 2 

148 2 

suspension 

30 

200 0 

210 6 

CeU free enzyme 

30 

10 5 

16 0 

75 

26 0 

38 0 

Cytochrome c 

Smee the 

results 

obtamed with 


inhibitors suggested the operation of a cytochrome 
type of system m the tryptophanase complex, the 
effect of added cytochrome c was mvestigated The 
solution used contamed 1 mg cytochrome c/100 ml 
0 1 M-magnesium chloride solution Tubes were meu- 
bated at 37° with 2 6 ml phosphate buffer (pH 7 4), 
2 mg L tryptophan, 0 6 ml enzyme, to which, m 
the case of the reaction tubes, 1 ml cytochrome c 
solution (10 pg ) was added 

As will be seen from Table 9, cytochrome c 
markedly stimulated mdole production 


Table 9 Effect of cytochrome c on indole 
production by tryptophanase 

(Tubes meubated at 37° with 2 5 ml phosphate buffer 
(pH 7 4), 2 mg L-tryptophan and 0 6 mL cell free enzyme, 
10 pg cytochrome c added m reaction tubes ) 

Indole produced (pg ) 

‘ * ^ 

Time (min ) Control Cytochrome c 

10 62 0 72 9 

20 91 5 129 9 

Absence of catalase and hydrogen peroxide The 
cell-free enzyme was devoid of catalase activity as 
shown by hydrogen peroxide and permanganate 
titration, and no trace of hydrogen peroxide could 
be detected when tryptophanase was meubated 
with tryptophan 

Effect of ATP ATP is without effect on mdole 
production by the cell-free enzyme 

Manometric studies with cell-free tryptophanase 

Potassium chloride extracts of acetone dried cell 
preparations were used for the mitial manometno 
mvestigations Results are recorded m Tables 10 
and 11, where tlie effects of sodium hydroxide and 

Table 10 Gas evolution by cell-free tryptophanase 
on li tryptophan substrate 

(Control vessels 4 ml phosphate buffer (pH 7 0) + 1 ml 
enzyme Reaction vessels as above + 250 pg L-tryptophan 
NaOH m centre weUs for COj absorption Gas evolution 
calculated on oxygen constant of the apparatus ) 

Gas evolution (pi ) 


Tune 


260 pg L-tryptophan 

^ 

(mm ) 

Control 

(a)* 

(h)* 

6 

69 

14 4 

16 0 

16 

74 

21 6 

17 4 

45 

69 

27 6 

248 

70 

45 

30 3 

36 4 

90 

46 

26 9 

423 


* Dupheate experiments run simultaneously 

Table 11 Gas evolution by cell free tryptophanase 
on L tryptophan substrate, comparison of effect of 
NaOH and HCl in centre wells 

(Control vessels 4 ml phosphate buffer (pH 7 0) + 1 ml 
enzyme Reaction vessels as above + 250 pg L-tryptophan) 

Gas evolution (pi ) 


-A V 


Tune 
(mm ) 

r 

Control 

250 pg 

L tryptophan 

A — ' — ^ 

HCl 

NaOH 

' HCl 

NaOH 

10 



10 4 

1 46 

17 2 

20 



10 4 

4 38 

17 2 

40 



17 8 

14 6 

241 

60 



17 8 

19 0 

24 1 

66 



17 8 

29 2 

25 6 

80 



19 3 

40 9 

18 4 

100 

— 

19 3 

57 0 

10 0 
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Table 12 Manometnc study of tryptophanase preparation from growth supernatants, 

NaOH and HCI m centre wells 

(Control vessels 3 ml phosphate buffer (pH 7 0) + 2 ml enzyme Reaction vessels as above + 260 pg i^tryptophan 
Oxygen uptake is an arhitary rate obtained &om the fall m gas erolntioa (preceding column) ) 


Gas evolution (fd ) 


Time (mm ) 

Control 

A 


A 

260 fig L tryptophan 

-A 


HCI 

NaOH 

'hci 

HaOH 

Oxygen uptake 

6 

— 

19 3 

33 6 

41 6 

— 

16 

— 

14 9 

38 0 

36 8 

9 8 

20 

— 

13 4 

40 9 

30 0 

11 1 

30 

— 

17 8 

424 

28 7 

14 0 

40 

— 

22 3 

463 

20 6 

18 6 

50 

— 

25 6 

48 2 

16 4 

18 6 

60 

— 

23 8 

49 6 

12 4 

243 

70 

— 

23 8 

640 

81 

28 6 

90 

— 

23 8 

61 4 

- 20 

39 7 


Final manometer reading at 6 hr gave oxygen consumption of 71 5 pi (theoretical 68 6 pi for complete oxidation of 
250 pg i^tryptophan to indole, GOj, NHj and H^O) 


hydrochloric acid m the centre wells are compared, 
mdicatmg the evolution of a basic gas by the enzyme 
control Table 12 records results obtamed with a 
ceU-free enzyme prepared from supernatants of 
Ssch coll cultures after 22 hr growth on tryptic 
digest casern agar The supernatant was treated 
with half saturated ammomum sulphate at pH 4 8, 
the precipitate suspended m water and sulphate 
ions removed by the addition of banum chloride 
This preparation produced 16 pg mdole/2 ml 
enzyme m 30 mm 


Manometnc work on partially purified enzyme 
preparations, and also with certam cell -free extracts, 
led to the discovery that mdole can be produced 
without oxygen utilization, a findmg which has also 
been noted by Wood et al (1947) There was no 
gas evolution eitlier with such preparations Where 
indole production was obtamed without oxygen 
uptake the contents of the manometer cups were 
concentrated and used for paper chromatography 
Alamne ivas not detected m these experiments (see 
Dawes, Dawson & Happold, 1947d) Wood et al 
(1947) liave shown that try^ptophanase, purified 
according to their scheme, contains no alamne or 
senno deammase With our further purified enzyme 
preparations, v lucli required no oxygen for mdole 
production, alanine likewise was not deammated 


The products of tryptophanase action on 
tryptophan 

Pre\uoush n e beliei ed that the mitial product 
the fission of the trvptoplian molecule was alam 
(Dawes et al 1947d), which was then oxidize 
through pxwmnc acid, to carbon dioxide, ammon 
and imter Wood c/ al (1947), however, reporb 
that t he products of the reaction were one mole ea. 
01 mdole, pi-runc acid and ammoma and that tl 


enzyme effectmg tins would not deammate alanine 
In the light of this work we have exammed the 
products obtamed by the action of our enzyme 
preparations for pyruvate and ammoma (Table 13) 


Table 13 Products of tryptophanase reaction on 
tryptophan 


(Tubes contained (o) 1 3 ml phosphate buffer (pH 7 6), 
0 2 ml (2 mg ) L-tryptophan and 0 6 ml enzyme, (b) 1 6 ml 
phosphate buffer (pH 7 6) and 0 6 mb enzymfe After 10 mm 
mcubation at 37°, 3 ml 10% (w/v) tnohloroacetio acid were 
pipetted mto each tube and the protein precipitate filtered 
off Total contents of tubes (6 ml ) used for mdole deter- 
mmations, 3 ml samples of control and reaction hqvuds 
used for pyruvate detenumations and 1 ml samples for 
ammonia detennmations, the control hquid (enzyme only) 
being used as blank for the Conway (1933) procedure ) 


Time 

of 

deter- 

mma 

tion 

Pyruvate 

■ A 

Indole 

Ammoma 

(mm ) 


1 

pmol 

r 

hg 

\ 

funol 

1 

Mg 

funol 

6 

27 5 

0 31 

37 6 

0 32 

125 0 

7 36 

16 

49 6 

0 56 

30 8 

0 26 

250 

1 47 

10 

62 9 

0 72 

78 5 

0 67 

21 26 

1 26 

60 

88 0 

10 

22 9 

0 20 

36 7 

2 16 

Further expenznents 

m which mdole and 

ammoma 

determinations only were earned out 



10 

1 rt 

— 

— 

93 3 

0 79 

122 1 

72 

10 

“ 

— 

63 0 

0 54 

83 3 

49 

10 

1 



— 

810 

0 69 

66 1 

33 

iU 

I K 

* 

— 

95 0 

0 81 

63 6 

3 2 

15 


— 

33 8 

029 

64 6 

46 






reetsonaoie 

a^eement between the pyruvate and mdole figures 
the ai^oma was always found m excess To obtam 
more figures on this, further experiments were con- 
ducted m which mdole and ammoma only were 


23-2 



356 


E A DAWES AND E C HAPPOLD 


determined, and, as Table 13 shows, ammonia was 
mvariably^ found m great excess mdicatmg that 
dea min ation is preceding fission mto mdole and 
pyruvate Smce mdolylpyruvic acid does not give 
rise to mdole tins would mean that a theoretical 
yield of mdole could not be obtamed, an experi- 
mentally verified fact It should be noted, however, 
that Wood et al (1947) report the production of 
ammoma m step with mdole and pyruvate forma- 
tion 

Purification of tryptoplianase 

The foUowmg method of purification has been 
carried out on ceU-free extracts obtamed from 
acetone dried cells The solutions were mamtained 
at pH 7 throughout and stored at 0° The activity 
at each stage of the purification was related to the 
mtrogen content, our arbitrary umt of activity 
bemg the amount of mdole (pg ) produced/mg 
lSr/30 mm (see Table 14) 

The extract obtamed from 6 g acetone dried cells (260 ml ) 
was brought to 60 % saturation with (NH4)2S04 m the ice 
chest, the precipitate centnfnged down, taken up m 40 ml 
phosphate buffer and further fractionated by half and full 
saturation with (NH4)jSOi The latter deposit, taken up m 
20 mL distilled water, was the most active sample of enzyme 
obtamed, but its activity was rapidly lost on storage The 
supernatant from the mitial 60 % saturation was then fully 
saturated and the deposit taken up m 160 ml distiUed 
water This active deposit was now further fractionated by 
60 and 70% saturation, leavmg the supernatant mactive 
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The precipitate from 70% saturation, taken up m 60 ml 
phosphate buffer, was purified 12 fold and remamed active 
on storage m the ice chest It was found that the enzyme 
was completely resolved m samples 2 a and Qetseq and that 
at this, and subsequent stages, only pyndoxal phosphate 
was capable of activating 'the protem moiety Riboflavm 
was found to have no activation effect, and, to ascertam 
whether the protem still nontamed a nboflavm prosthetic 
group, 'sample 8 was exammed m ultraviolet hght both 
mtact and after hydrolysis, by microbiological assay nbo 
flavm was absent Diphosphopyndme nucleotide (DPN) 
alone did not reactivate the resolved enzyme, nor did it 
stimulate mdole production m the presence of pyndoxal 
phosphate or pyndoxal phosphate plus nboflavm Smce 
this might bo due to some DPN being bound to the enzyme 
protem, the possibihty was mvestigated by an assay for 
DPN usmg Haemophilus paramflvemae as the test organism 
by the method desonbed by Lwoff & Lwoff (1937o) 
A sample of the resolved, partially purified, enzyme was 
Seitz filtered and 0 6 ml added to the tubes, 2-101 of the 
same solution were autoclaved with 2 ml 2 n HjSOi for 
20 mm at 16 lb /sq m , the pH adjusted to 7 6 and 0 6 ml 
added to other tubes These were assayed together with 
controls and tubes containing DPN Growth occurred only 
m the tube conta inin g added DPN, and therefore no DPN 
was present m the enzyme protem The DPN used m this 
work was prepared from baker’s yeast by the method of 
Sumner, Knshman A Sisler (1047) 

Sample 2 c very rapidly lost its activity on storage, but 
sample 8 remamed active 

From these results, therefore, it would appear 
that pyndoxal phosphate is the coenzyme which 
effects fission of the tryptophan molecule 


Table 14 ScJieme used for the purification of tryptophanase 

(Umt of activity =:pg mdole/mg nitrogen/30 mm with 0 6 ml enzyme m presence of 30 pg pyndoxal phosphate 
Activities are given m brackets beneath the appropriate fraction ) 

(1) Ongmal extract 

(9 1 ) 


60 % saturation 
(NH«)iS04 


with 


i — 

(2) Precipitate 
(112 1) 

(3) Supernatant 

(36 7) 

1 

Taken up m 40 ml 
buffer and brought to 

60 % saturation with 
(NH4 )jS04 


i 

(2o) Precipitate 
(64 6) 

, 1 

(26) Supernatant 

Full saturation 'with 
(NHp^O* 


(2 c) Precipitate 
(697 6) 

Taken up m 20 ml dis 
tilled water 


(2d) Supernatant 
(ml) 


full saturation 


with (NH4)2S04 


(4) Precipitate 
(691) 

Taken up m 160 ml dis 
tilled water and brought 
to 60 % saturation with 
(NH 4 ).S 04 


(6) Precipitate 
(48 2) 

Taken up m 30 ml 
buffer 


(8) Precipitate 
(113 1) 

Taken up m 60 ml 
buffer 


(6) Supernatant 
(ml) 


^ I 

(7) Supernatant 


Brought to 70% Batura 

tion with (NH4)tS04 


(9) Supernatant 

(ml) 
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Properties of tryptophanase 

Effect of pH Fig 1 sho-ws the variation of 
activity with the raewtion pH The optimum occurs 




Fig 2 EfiFeofc of enzyme concentration on reaction velocity 


at pH 7 5 In the ongmal work of Happold & Hoyle 
(1936), usmg chloroform-killed Each coh, the 
optimum was claimed to be pH 8 6, but this was 
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later aolcnowledged to bo too lugh, and Gale & Epps 
(1942) found the optunum pH to be 'IB with cells 
grown at pH 7 0 Thus the optunum pH of the cell- 
free enzyme is identical with that of the intact 
organism 

Effect of enzyme concentration A Imear relation- 
slup exists between the enzyme concentration and 
the velocity of the reaction as shoivn in Fig 2 



Fig 3 Effect of substrate concentration on 
reaction velocity 


Effect of substrate concentration Fig 3 shows the 
variation of reaction velocity with substrate con- 
centration The Michaehs constant of the enzyme 
was evaluated by the graphical method of Lme- 
weaver & Burk (1934) and the average value 
obtamed weis 4 1 x 10“* moles/1 Wood et al (1947) 
give the value of 2 6 x 10“® 

DISCUSSION 

The tryptophanase complex of Esch coh may bo 
obtamed as an active cell-free preparation by 
acetone -dr 3 ung thick cell suspensions, and extrac- 
tion of the cell powder with half-saturated potas- 
sium chloride solution Extracts obtamed m this 
way showed good activity, and could be kept m the 
ice chest for some tune without deterioration The 
superiority of potassium chloride as extractmg 
agent over other salts tried is presumably due to 
mcreased solubdity of the enzyme protem m this 
solution 

Enzyme extracts have been mactivated by dia- 
lysis against distilled water, and the activity 
regained by the addition of a concentrated dialysate 
to the mactive protem moiety, although the 
activity displayed by such reactivated systems 
IS greatly reduced m comparison with the ongmal 
enzyme, probably by denaturation of the enzyme 
protem It has been shown that the dialysate 
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obtained from glucose -grown cells (which are devoid 
of tryptophanase activity) is also capable of acti- 
vatmg the apoenzyme The protein moiety of 
glucose-grown cells, however, cannot be activated 
This mdicates that the essential difference between 
cells active for tryptophanase and those grown on 
glucose -agar hes m the protem moiety and that 
glucose-grown cells possess a full coenzyme for the 
apoenzyme 

A study of the effect of various inhibitors on 
tryptophanase activity provided strong presump- 
tive evidence on the nature of components present 
m the enzyme complex It was early recognized 
that cyamde is a powerful inhibitor of tryptophanase 
and this mdicated one or both of the foUowmg 
possibihties an iron-contauung system such as 
cytochrome, or a carbonyl-contammg component 
such as pyridoxal phosphate with which cyano- 
hydrm formation can occur 

Interference with a component containmg the 
carbonyl group appeared more probable foUowmg 
study of the action of other characteristic carbonyl 
reagents (semicarbazide, hydrazme and hydroxyl- 
amme) With washed cell suspensions the latter two 
produced complete inhibition down to 0 001 m con- 
centration, semicarbazide not bemg qmte so 
effective With the cell-free enzyme essentially 
similar results were obtamed In this respect the 
action of dunedone is of considerable mterest Baker 
et al (1946) showed that it had no effect on mdole 
production by washed-ceU suspensions, but, usmg 
the cell-free enzyme, inhibition was manifest thus 
brmgmg dunedone mto hne with the other carbonyl 
reagents This is rather difficult to explam, for it 
cannot be postulated that the permeabdity of the 
bacterial cell to dunedone is the decidmg factor 
Dunedone, however, is sparingly soluble compared 
with the other carbonyl reagents employed, and it 
may be that with the bacterial cells other aldehyde 
products of bacterial metabohsm, such as phospho- 
glyceraldehyde, acetaldehyde, etc from carbo- 
hydrate breakdown, react preferentially to the 
exclusion of the coenzyme factor 

The presence of an uon-contammg system 
received support from the action of sodium azide, 
hydrogen sulphide and carbon monoxide Keilm & 
Harpley (1941) showed that Esch coh does not 
contam a normal cytochrome system Cytochrome c 
and cytochrome oxidase are absent from the 
organism and bands b and c of normal cytochrome 
are replaced by one band which hes at 660 m/t and 
which represents an a-band of non-autoxidizable 
haemochromogen component In this respect the 
action of verdoperoxidase, which was found to 
stimulate mdole production with both viable cells 
and the cell-free enzyme, warrants attention It has 
been suggested by Keihn (1933) and Kuhn (1934) 
that verdoperoxidase might he considered as a more 
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or less modified csdochrome a derivative and hence 
the stimulation of mdole production by this pro 
paration is of significance 

BAL (2 3-dimercaptopropanol) is an inhibitor of 
metal-contauung enzymes, as shown by Wehb & 
van Heynmgen (1947), and smce this reagent 
inhibits tryptophanase it is compatible with the 
presence of an iron-contammg system m the com 
plex Tlie fact that added C 3 rtochrome c stimulated 
mdole production with the cell-free enzyme would 
appear to be exphcable m terms of removal of an 
overall ‘bottleneck’ m the carrier system of the 
enzyme The presence of uon m the apoenzyme was 
proved by spectrochemical analysis 

The mepacrme inhibition of tryptophanase 
actuuty, manifest only with the mtact cell and 
reversed by ribofiavm (Dawson, 1946), may be 
taken as some mdication of the functiomng of 
flavoprotem (Haas, 1944, HeUerman, Lmdsay (L 
Bovarmck, 1946) 

Sulphamlamide inhibits the growth and respi 
ration of Esch coh, but not m the presence of 
methylene blue, as was shown by Chfton & Loe 
wmger (1942) The bactenostasis observed m our 
experiments was m accordance with previous 
findin gs, and, m the absence of growth, the non 
production of mdole from tryptophan is a natural 
consequence of the lack of metabohc processes 
'Where the bactenostasis was overcome, and growth 
eventually occurred, mdole production was found 
to be normal It thus appeared that sulphanil 
amide exerted no damagmg effect on the trypto 
phanase system of the organism, and this was home 
out by experiments which demonstrated that 
sulphamlamide was without effect on the pre 


formed enzyme 

Sodium malonate was reported by Cedrangolo & 
Filomem (1943) to inhibit the deammation of 
natural ammo acids by rat hver homogenate, but 
it was without effect on mdole production by 
tryptophanase and also without effect on ophio- 
L-ammo acid oxidase when tested manometncaUy 
by the Warburg techmque 

Happold & Waters (1944) found that clavatm 
was a powerful inhibitor of tryptophanase, but 
from a wide survey of its action on respiratory 
enzymes m general, no concrete conclusion as to 
its mode of action could be reached and, therefom, 
its action provided no msight mto the nature of the 

enz 3 mie complex . 

The cell-free enzyme was shown to be devoid m 
catalase activity, and to contam no ascorbic aci 
oxidase or polyphenol oxidase, while Happo 
(1930) demonstrated that Esch coh contains no 
catecholase and is mcapable of oxidizmg dune y 
p-phenylenediamme 

The dialysate obtamed from a tryptophan 
extract was exammed spectrophotometncally an 
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the absorption curve obtained corresponded most protem, these remammg m solution wlule the 
or— acd was evidence f 


Z Z of a a„.d odemno n„ 0 leo. tt.e anuooma do«at.on and then bomg hbet. 

;1 Speettoohonncal analyse, of a eample of ated by the alk^ toatment of the Ctonway ^ 
apoenzySe revealed that non was present, but no procedure It should be borne m mind, bowser 

of _ A-vT^ArimATiTja wr»rA fiOTlfi Wlttll 


other metal “was detected 

Reactivation of the apoenzyme obtamed by 
dialysis was achieved with pyndoxal phosphate, 
riboflavm and diphosphopyndme nucleotide The 
presence of riboflavm had been suspected m the 
earhest work wnth mepacrme and washed-oell 
suspensions It was confirmed by microbiological 
assay usmg Jjb cds&i E and shown to reside m both 
dialysate and apoenzyme It is, apparently, present 
as prosthetic group, and there is some loss on 
dialysis 

When the further purification of the enzyme was 
studied the apoenzyme was apparently fi^e from a 
flavm prosthetic group as evidenced by ultraviolet 
fluonmetry and microbiological assajf The flavo- 
protem present m the cruder preparations is pre- 
sumably only concerned with the further oxidation 
of the fesion product, but as such it obviously can 
affect the overall reaction rate m the cell by mass 
action effect 

Manometnc mvestigation of the cell-free enzyme 
showed that crude extracts were capable of oxidizmg 
one mole of tryptophan to mdole, carbon dioxide, 
ammoma and water with the consumption of five 
atoms of oxygen, but on further purification the 


procedure It should be borne m mind, however, 
that the manometnc experunents wore done with 
crude enzyme preparations while the ammonia 
determmations were on partially purified prepara 
tioiis which, when exanuned manomotrically, 
showed no oxygen utilization or gas evolution K 
the figures obtamed represent ammonia formation, 
then we conclude that mdolylpyruvic acid must bo 
formed, smce this compound is not degraded to 
mdole by the enzjmie it would bo an end product 
The theoretical yield of mdole would, therefore, not 
be aclueved, tins has been found experimontaUy It 
should be noted that the accumulation of mdole has 
also an inhibitory effect on the reaction (Fildes, 
1938) 

Extracts of tryptophanose were purified by 
frewtionation with ammomum sulphate Activity 
was found m both half and fully saturated fractions 
Fractionation of the former yielded the most active 
(60-fold mcrease) and the most labile preparation 
It lost activity completely after 3 days Fractiona- 
tion of the depesit from full saturation yielded a 
reasonably stable preparation with a 1 2-fold mcrease 
m activity From this it seems that the enzyme is 
readily denatured This appears to account for the 
comparatively small degree of purification achieved 


enzyme produced mdole without concurrent oxygen 
utilization In several experiments with crude 
extracts an evolution of gas was recorded with both 
reaction manometers and control vessels This could 
be prevented m the case of controls by placing 
hydrochloric acid m the centre weU instead of 
caustic soda This, presumably, meant that a basic 
gas was bemg evolved, it is mconceivable that 
ammoma or one of the volatile ammes could 
produce this effect on account of their great solu- 
bihty We place these findmgs on record, but are 
imable to offer an explanation of their significance 
Until the work of Wood et al (1947) showed that 
the products of tryptophanase action are one mole 
each of mdole, pyruvic acid and ammoma, and that 
the partially purified enzyme will not deammate 
alanme, we had beheved that alanme, which was 
produced concurrently with mdole m mepiicrme 
inhibited systems, was the product of the primary 
fission Accordmgly we have exammed the products 
of the reaction for mfiole, pyruvic acid and 
ammoma, and, while demonstratmg the production 
of mdole and pyruvic acid m equimolar amounts, 
we have mvanably found ammoma production to 
be m excess Tins may have some bearing on the 
results obtamed m manometnc experunents, where 
evolution of a basic gas was found, and may be due 
to production of volatile amines from the enzyme 


m the fractionation procedure 

The enzyme was completely resolved by the 
ammomum sulphate fractionation, and could only 
be reactivated by the addition of pyridoxal phos- 
phate At tins stage, as noted by Wood e« cd (1947), 
the enzyme would not deammate alanme, and pro- 
duced mdole from tryptophan without oxygen 
utilization, pyruvic acid bemg one of the end 
products of the reaction This treatment, therefore, 
removes the portion of the tryptophanase com- 
plex which effects the oxidation of pyruvic acid 
The failure of riboflavm to activate the apoenzyme 
led us to examme the, apoenzyme for the presence 
of a riboflavm prosthetic group Tins was not 
found by ultraviolet examination or by micro- 
biological assay Diphosphopyndme nucleotide 
(DPN) also faded to reactivate the resolved enz 3 mie, 
neither did it stimulate mdole production m the 
presence of pyndoxal phosphate alone, or together 
with nboflavm Although DPN is usually considered 
as readdy dialyzable from the apoenzyme, a sample 
of the resolved enzyme was assayed for DPN mtaot 
and hydrolyzed None was found Lwoff & Lwoff 
(19376) made the suggestion that tnphosphopyridme 
nucleotide could be present m HaemopJnlus para- 
tnfiuenzae m combmed or fi^e form 

From these findmgs we conclude that pjuidoxal 
phosphate is the sole coenzyme to participate m 
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fission of the tryptophan molecule, and to do this it 
presumably acts as a hydrogen acceptor by rever- 
sible aldehyde alcohol mterconversion 

The enzjmie effectmg fission has optimal activity 
at pH 7 5, and a hnear relationship exists between 
the reaction velocity and the enzyme concentration 
The IMichaelis constant is 4 1 x 10“^M Wood et al 
(1947)glV6a^alueof 2 6x 10“® for this constant, but 
state that half maximum rate of reaction is obtamed 
with 36 fig tiyptophan/ml This, when calculated, 
gives a ^alue of 71 x 10"* and is more in 

accord with our own figure 

In conclusion, attention is draivn to the difference 
between the crude cell-free trj^tophanase complex 
and the purified component wluch effects fission mto 
mdole, pjTuvic acid and ammonia The former 
carries tlirougli also the oxidation of pyruvic acid to 
carbon dioxide and water The fact that the activity 
of preparations, wluch contam the pyruvic oxidase, 
IS enhanced b}’’ riboflavm and DPN suggests that 
the production of mdole is affected by mass action 
considerations 

Wood et al (1947), who reported the function of 
pyridoxal phosphate as coenzyme factor, used the 
term ‘trj^tophanase’ for the enzyme effectmg the 
production of mdole, pyruvic acid and ammoma 
without oxygen uptake, m contradistmction to the 
origmal use by Happold & Hoyle (1935) to connote 
the complex which performs the complete oxidation 
to mdole, carbon dioxide, ammoma and water vnth 
the consumption of five atoms of oxygen The fact 
that the partially purified enzyme, which produces 
mdole, will not deammate alanme mvahdates om 
earher conclusion (Dawes et al 1947ci) that alanme 
IS a normal fission product of tr5rptophan, and moans 
that m the presence of mepaorme a modification of 
the reaction occurs Smce experiments were per- 
formed with washed cell suspensions it is possible 
that alanme was produced from the pyruvic acid 
by transammation 


SmO'LARY 

1 The tryptophanase complex of Eschenchra 
coh may be obtamed m the ceU-free condition by 
extraction of acetone dried cells with half-saturated 
potassium clilonde solutions 

2 Tryptophanase is inhibited by non inhibitors, 
carbonyl mlubitors and BAL Mepacrme and benz 
amide, which have mlubitory actions on the trypto 
phanase activity of nable cells, have httle effect on 
the ceU-ftee enzyme 

3 Tr3^tophana3e activity is stimulated by 
verdoperoxidase and cytochrome c 

4 The enzyme complex has been resolved and 
shown to reqmre pyridoxal phosphate, riboflavin 
and diphosphop5mdme nucleotide as coenzyme 
factors 

6 A partial purification of the tryptophanase 
complex has been achieved by ammomum sulphate 
fractionation 

6 The purified fraction effects the fission to 
mdole, pyTuvic acid and ammoma with pyridoxal 
phosphate as sole coenzyme under anaerobic 
conditions 

7 The resolved enzyme does not contam a 
ribofiavm prosthetic group or diphosphopyndme 
nucleotide and these coenzymes, therefore, appear 
to be concerned with the further oxidation of 
pyruvic acid 

8 Tlie fractionation removes the enzyme or 
enzyunes effectmg oxidation of pyruvic acid 

We should hke to express our gratitude to Prof B A. 
Peters for a gift of BAL, Dr E P Gale and Prof I C 
Gunsalus for gifts of pyridoxal phosphate and Dr E A. 
Zeller for a gift of ophio L-ammo acid oxidase In addition 
■weTnsh to thank Dr F Bergel and Sir J Ewles for spectro- 
photometnc and spectrochemical analyses respectively. 
Dr J EUison for the nboflavm assay, Mr L Davis for mioro- 
Kjeldahl determmationB and Miss M Horrabm for assistance 
m the preparation of DPN 
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Metabolism of Polycyclic Compounds 

6 EORMATION OE 1 2-DIHYDROXY-l 2-DIHYDRONAPHTHALENES 

By JOAN BOOTH and E BOYLAND 
The Ghester Beatty Research InsMtUe, Royal Oancer Hospital, London, S TF 3 

(Received 16 June 1948) 


Early work on the metabolism of aromatic hydro- 
carbons mdicated that they were converted mto 
phenols (e g Schultzen & Naunyn, 1867) Later 
mvestigations on the fate of anthracene m the body 
(Boyland & Levi, 1936) showed that such hydro- 
carbons may be first converted to diols or dihydroxy- 
dihydro derivatives, which may decompose to give 
phenols Analogous diols have been isolated and 
characterized from the urme of animals dosed 
with naphthalene A laevorotatory form of 1 2-di- 
hydroxy-1 2-diliydronaphthal0ne was isolated from 
rat urme by Young (1947) and its structure eluci- 
dated A coirespondmg dextrorotatory form has 
now been isolated from rabbit urme and an 
optically mactive form from the urmes of both rats 
and rabbits The possible relationship of meta- 
bolism of hydrocarbons to carcmogenesis has been 
discussed elsewhere (Boyland, 1948) 

EXPERIMENTAL 

Animals were given mtrapentoneal mjections of a 20% 
(w/v) solution of naphthalene in araobis oil (2 6 ml /kg 
body wt ) twice weekly and kept in metabobsm cages of the 
Fame type Urme was coUected daily and a small amount 
of urease added to decompose urea The pooled urme of each 
species was contmuously extracted with ether for 2-3 days 
Rabbit Isolation of optically tnacttve and dextrorotatory 
forms of 1 2-dihydroxy 1 2-dthydronaphthalene On evapora 
tion of the ether a small amount of dark-brown sohd material 
was ohtamed which after several recrystalhzations from 
benzene yielded silky, white needles, m p 101°, [a]“ 0° 
(c, 1% m ethanol) (Pound C, 73 8, H, 6 2 Calc for 
C'loRio^j C, 74 1 , H, 6 2 % ) (Cf^ Booth & Boyland, 1947 ) 
This compound was very soluble m cold ethanol, acetone 
and ether, and soluble in water to the extent of about 
2 g /I It was only shghtly soluble m cold benzene, but 
readily dissolved on wanrung and was sparingly soluble m 
bodmg bght petroleum 


When the crude, dark brown material obtained by the 
evaporation of the ether extracts was dissolved m 96 % 
ethanol and contmuously extracted with light petroleum 
(b p 40-60°) the first crystals to appear in the hght petro- 
leum were rectangular plates The extraction was mter- 
rupted and this matenal isolated On contmumg the 
extraction a mixture of this matenal (which was dextro- 
rotatory) and the optically inactive form was ohtamed and 
finally a fraction with no optical activity The first light 
petroleum fraction was evaporated and the residual solid 
reorystaUized from benzene givmg colourless plates, 
mp 126°, [a]“ +169° (c, 1% m ethanol) (Found C, 
74 0, H, 6 4 CitiHjoOj requires C, 741, H, 6 2%) The 
optical activity remamed unchanged on recrystallization 
This compound was less soluble m benzene and light 
petroleum than the optically maotive form, and was 
identical m aU physical properties except optical rotation 
with the compound isolated by Young (1947) from rat 
urme 

Rat Isolation of optically inactive and laevorotatory forms 
of 1 2-dihydroxy-l 2-dihydronaphthalene The rat urme was 
treated m the same way as the rabbit urme and agam two 
compounds were isolated. The optically maotive product 
was identical m physical properties with the correspondmg 
rabbit metabohte, but m this case the optically active form 
was laevorotatory and appeared to be identical with the 
compound isolated by Young (1947), It was recrystallized 
from benzene giving colourless plates, m p 126°, [a]^" 
-168° (c, 0 6% m ethanol) (Found C, 74 2, H, 6 3 
Calc for CioHjoOa C, 74 1, H, 6 2% ) 

Acetylation The optically maotive ^ol from rabbit urme 
(60 mg ) was acetylated m 0 26 mh acetic anhydnde and 
0 26 ml pyndme at room temperature and the diaceiate 
ohtamed was crystallized from hght petroleum (Found 
C, 68 8, H, 6 8 C11H14O4 requires 0, 68 3, H, 6 7% ) The 
other three samples of diol were treated m the same way and 
acetates with the properties shown m Table 1 were ohtamed 
Each acetate was hydrolyzed, as shown m Table 1 

The diacetate (20 mg ) was heated m a bo iling water bath 
for 15 mm m 1 ml 0 7 n ethanohc KOH, cooled and a large 
volume of water added Tho precipitate was extracted by 
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shaking mth ether, and the sohd ohtamed on evaporation 
reorystalhzed from benzene yielding the parent diol in each 
case, the melting pomts are given in Table 1 

Table 1 Properties of acetates of dtols from fractions 
' of rabbit and rat urine 


Diol 

M.p of 
acetate 
(°) 

Mr of 

acetate 
m ethanol 
(c, 0 6-1 0%) 
(°) 

M p of diol 
ohtamed on 
hydrolysis 
of acetate 
(°) 

Rabbit, racemate 

73 

0 

100 

Rabbit, optically 
active form 

77 

437 

126 

Rat, racemate 

73 

0 

101 

Rat, optically 
active form 

77 

-436 

126 

Rat, optically 
active form 

78-79 

-423 

— 


(Young, 1947) 


DeJiydralton with acid to 1-naphthol All four diols 
behave m a similar manner on treatment with acid, givmg 
theoretical yields of 1 naphthol, identified by mixed meltmg 
pomt, by the eolour of the dye formed with diazotized 
p mtramhne and by mixed meltmg pomt of the aeetate 
Sate of dehydration The eolour produced by coupling a 
phenol with a diazotized a min e was also utdized to study 
the rate of dehydration by acid at 100° Samples, each of 



Fig 1 Dehydration of racemic 1 2 dihydroxy 1 2 
dihydronaphthalene m N HCl at 100° 

1 mL, of a solution containing a known amount of optically 
inactive diol from rabbit urme dissolved m 6% aqueous 
ethanol and 1 ml w Hd were kept m sealed tubes at 100° 
for various periods of time The solutions were then cooled 
and made alkahne by the addition of 6 ml N NaOH, 2 ml 

0 01 M p mtrobenzenediazomum chloride solution were 
added, and the purple colour produced measured on a 
photoeleotno colorimeter, a standard solution of 1-naphthol 
being used for comparison The reaction proceeded as 
shown m Fig 1, giving an almost theoretical yield of 

1 naphthol The reaction was half complete m 1 6 mm , 
whence l^oo.=0 43 
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Oxidation (1) With potassium permanganate The 
optically inactive diol from rabbit urme (60 mg ) and the 
dextrorotatory form from rabbit urme gave 0 phthahe acid 
as desenbed by Young (1947) 

Oxidation (2) With lead tetraacetate A solution of 
29 4 mg diol m 10 ml glacial acetic acid was added m 1 ml 
portions to tubes each contammg 1 ml of approx 0 In lead 
tetraacetate solution m glacial acetic acid, aU solutions being 
kept m a water bath at 20° The oxidation was stopped at 
mtorvals by the addition of 2 ml of iodide solution (2% 
(w/v) IQ, 26% (w/v) Na acetate) and the Ij hberated 
titrated against standard 0 OlN-NajSjOj, so that the rate 
of oxidation could be followed Glycols with adjacent 
hydroxyl groups m the cis position are usually oxidized 
more rapidly than the trans isomers by lead tetraacetate, 

1 mol of diol requinng 1 mol of lead tetraacetate (Cnegee, 
Kraft L Rank, 1933) The reaction proceeded rapidly, but 
no authentic cis or trans derivative was available for direct 
comparison The oxidized solutions gave a positive test for 
an aldehyde with Sohiff’s reagent, hut the aldehyde was not 
isolated All four preparations of the diol reacted at about 
the same rate with lead tetraacetate Naphthalene did not 
react under the same conditions The time taken for 60% 
oxidation was 0 8 mm , h^o = 127 This would indicate that 
the compounds are either all cis or oU trans 

Hydrogenation to a dihydroxytelrahydronaphthalene The 
compounds were hydrogenated by shakmg ethanoho 
solutions m an atmosphere of Hj with Pd 4- SrCOj catalyst 
The hydrogenation products were recrystalhzed from 
benzene, and shown to be 1 2 dihydroxy 1 2 3 4 tetra 
hydronaphthalene (IV) Analysis of product from the 
inactive diol isolated from rabbit urme found C, 73 2, 
H, 7 1 CioHijOj requires C, 73 2, H, 7 3 % 

This hydrogenation was earned out for all the specunens 
of diol and compounds and the properties shown m Table 2 
were ohtamed 


Table 2 Properties of 1 2^diliydroxy 
1 2 3 4,-tetrahydronaphthalenes 



Mp 

n 

MF ^ 

ethanol 
(c, 0 6-10%) 
(°) 

Mp of 
KMnOi 
oxidation 
product 
(°) 

Rabbit, hydrogenated 
mactive diol 

111 

0 

160 

Rabbit, hydrogenated 
optically active diol 

113 

-62 

161 

Rat, hydrogenated 
mactive diol 

111 

0 

161 

Rat, hydrogenated 
optically active diol 

114 

+ 64 

163 


The laevorotatory form gave a hydrogenation product 
identical with that desenbed by Young (1947) 

Dehydration of hydrogenated derivative to p tetralone ^ 
the four compounds gave a positive test for 2 ^ ^ 

tetrahydronaphthalene (Straus & Rohrbacher, 1 )t , 
boihng with HCl A few mg of the compound were heatw 
with 1 ml N-HCI m a boihng water bath for 16 ® 

then cooled On addition of a few drops of ®thanol and Z m 
of ether and shakmg with excess 10 N NaOH a dar 
colour developed in the ether layer 
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Oxidation of hydrogenated derivative AU the forms of the 
hydrogenation product gave ^ 2 carhovyphenyl 
acid on oxidation with KMnO*, as found by Young (1947) 
with the laevorotatory product from rat urme 

Spatial configuration The cm and tram forms of 
1 2 dihydroxy-l 2 3 4 tetrahydronaphthalenes were s^the 
sized for comparison with the hydrogenated metabohte 
Naphthalene (I) was reduced with Na to give 1 2- 
dihydronaphthalene (H) (Straus & Lemmel, 1921), and 
this was oxidized to 1 2-dihydroxy 1 2 3 4-tetrahydro 


correspond to the tram isomer m physical properties 
(see Table 3) The meltmg point of the mixti^ ot 
the trans isomer and the hydrogenated metabohte 
was not depressed 

(2) Colour reaction uoth potassium tnacetyl 
osmate (Criegee, Msrchand & Wannowius, 1942) 
W^ien a few drops of a solution of this reagent m 
acetic acid are added to a substance with the trans 
configuration there is no change from the blue 



naphthalene (V) by KMnO* (Straus &, Eohrbacher, 1921) 
and to the acetate of the trans isomer (HI) with lead tetra 
acetate (Gnegee, 1930) The acetate was hydrolyzed to 
give maotive trans 1 2 dihydroxy 1 2 3 4 tet^ydronaph- 
thalene (TV) 

Evidence in favour of the hydrogenated metabolite 
being the trans isomers (1) The diacetates of the 
above isomers and of the hydrogenated optically 


Table 3 Melting points of 1 2 dihydroxy- 
1 2 3 4 tetrahydronaphthalenes 



Synthetic 

K 

(°) 

Hydro 

genated 

metabohte 

(optically 

mactive) 

{“) 


/ 

CIS 

trans 

Jleltmg pomt 

100 

(100-101)* 

111 

(111 6)t 

111 

Meltmg pomt when 
mixed with hydro- 
genated metabohte 

80-95 

111 


Meltmg pomt of 
diacetate 

78 

(78-79)* 

83 

(84)* 

83 


* Straus and Rohrbacher (1921) -j- Cnegee (1930) 


inactive rabbit diol were* also prepared for com- 
parison, and the hydrogenated metabohte appears to 


colour of the solution, but when added to a cis 
isomer a colour change takes place m a few rmnutes 
When the reagent was added to the sjmthetic 
cwdihydroxytetrahydronaphthalene the colour 
changed from blue to purple and then to grey, but 
when added to tlie synthetic trans isomer or the 
hydrogenated metabohte there was no change m 
colour All preparations of the excreted diols 
themselves gave no colour change, mdicatmg that 
they had the trans configuration 

(3) Rate, of oxidation by lead tetraacetate Tliese 
measurements, earned out as described above for 
the 'diols, but usmg specimens of dihydroxytetra- 
hydronsphthalene, are illustrated m Fig 2 The 
velocity constants, , were calculated for the 
reaction between lead tetraacetate and each of 
the 1 2-dihydroxy-l 2 3 4-tetrahydronaphthalenes, 
assummg it to be a bunolecular reaction, and are 
shown m Table 4 

Thus the hydrogenated metabohte Is identical 
with the synthetic trans-\ 2-dihydroxy-l 2 3 4- 
tetrahydronaphthalene This shows that the 
hydroxyl groups m the natural metabohte must 
have the trans configuration, and completely and 
mdependently proves the structure of the meta- 
bohtes to be that of trans-1 2-dihydroxy-l 2-di- 
hydronaphthalene (VT) In spite of the rapidity of 
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reaction of the metabohtes with lead tetraacetate, 
which suggests that the hydroxyl groups might have 
a CIS configuration, the tra7i8 structure seems to be 
established Unless known cis and trans derivatives 


Table 4 Values of kjo* for mteradion of lead 
tetraacetate and 1 2 dihydroxy-1 2 3 4:-tetrahydro- 
naphthalenes 



Tune taken 
for 60 % 
oxidation 

I 20 

I 20 (from 
Cnegee el al 

Product 

(mm ) 

(Found) 

1933) 

Synthetic cis com 

1 5 

37 7 

40 2 

pound 

Synthetic trans com- 

30 

1 89 

1 86 

pound 

Hydrogenated meta 
bohtes 

Prom rabbit, 

31 

1 80 


Mn” -62° 

Prom rabbit. 

37 

1 65 



Mi'’ 0° 


are available for comparison the rate of reaction 
with lead tetraacetate cannot be used to mdicate 
the configuration of isomeric glycols of this typo 
In the case of the 9 lO-dihydroxy-O 10 dihydro- 
phenanthrene (Boyland & Wolf, 1948) the evidence 
suggests that the trans derivative is oxidized more 
quickly than the cw derivative, which is contrary 
to the findmgs of Cnegee e^ al (1933), m the oxida- 
tion of a number of other glycols 



Tig 2 Oxidation of 1 2 dikydroxy-l 2 3 4 tetrahydro 
naphthalenes by lead tetraacetate at 20° 


The nature of the optically inactive preparations 
The 1 2-dihydroxy-l 2 dihydronaphthalene mole- 
cule contains two asymmetric carbon atoms, and 
four stereoisomers are therefore possible, viz dextro 
CIS, laevo-cis, dextro trans and laevo-trans None 
of the products isolated gives the reaction for 
CIS glycols, so that the active forms are dextro-trans 
from rabbit urme and laevo-trans fi-om rat urme 
Although the c^s forms would have two hydroxyl 
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groups in the meso positions they would not be 
optically mactive by mtemal compensation as the 
molecule is not symmetrical The two optically 
mactive preparations obtamed from rat and rabbit 
urme were identical in all respects, and there was no 
depression of meltmg pomt on mixin g the products 
from the two species A product identical m physical 
properties was obtamed by mixmg the dextro and 
laevo forms Thus 5 mg laevo-6io\ (from rat urine) 
and 6 mg dextro diol (from rabbit urme) each dis 
solved m 0 5 ml ethanol were mixed and the solvent 
allowed to evaporate The residue was recrystalhzed 
from benzene and had m p 100° (alone and when 
m i x ed with a sample of mactive diol isolated from 
rabbit urme) 

Apart from tlus experimental demonstration that 
the mactive forms isolated are identical with an 
artificially prepared racemate they must be so on 
theoretical grounds They are trans forms of 1 2 
diliydroxy-1 2-diliydronaphthalene m which the 
hydroxyl groups cannot be symmetrically disposed, 
and, as optically active forms of these are known, 
the molecule cannot be optically mactive by mtemal 
compensation These mactive preparations must 
therefore be racenuc forms 

TJie optical activity of different preparations of 
the diol varied, and the material extracted from 
rabbit urine usually appeared to contam relatively 
more of the racemic form As racemic compounds 
are not usually produced m biological processes, the 
racemization probably occurs after formation, 
either m the process of excretion or isolation The 
racemic form is not likely to arise by a Walden 
mversion on hydrolysis of an ester as that should 
give a CIS form unless both hydroxyl groups were 
estenfied 

The racemization process was never observed 
experimentally After keepmg the laevo form dis 
solved m rat urme, 0 2 M-Na 2 HP 04 or N-NaOH at 
20° for 24 hr it could be recovered by ether extrac 
tion without change m optical actimty Attempts 
to resolve the racemate by chromatographic absorp 
tion on a column of lactose and development with 
benzene were unsuccessful 

The metabolic product of anthracene 

The 1 2-(iLhydroxy 1 2 dihydroanthracenes iso 
lated by Boyland & Levi (1936) from the urme of 
rats and rabbits have been found to behave as 
trans glycols m the reaction with triacetyl osnuo 
acid (Criegee 6< oZ 1942) In the hght of expenence 
■with these compounds this reaction would seem to 
be a better diagnostic test for cis and trans glycols 
than the rate of reaction with lead tetraacetate 
The ^anthracene metabohtes are, therefore, pro 
ably" trans-1 2 dihydroxy-1 2 dihydroanthracenes, 
m spite of the fact that they react rapidly with lead 
tetraacetate (Boyland & Shoppee, 1947) 
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Exanunatioii of tlio naplitlialono motabolite from 
rabbit urme mdicated that a mixture of a racemate 
and an optically active form occurred -with con 
siderable variation m the proportions of the two 
forms present In view of tins result and tlie fact 
that the rabbit metabohte, 1 2-dihydroxy-l 2-di- 
hydroanthracene, had been first described with 
[aL+16 2° (Boyland & Leru, 1936) and later 
with [aL 0° (Boyland & Shoppee, 1947), the meta 
bohtes of anthracene were remvestigated 

The optically inactive matenal was obtained by subb- 
mation at reduced pressure and this process appears to 
yield the racemate By crystallization or distribution 
between solvents the optically active forms can also be 
obtamed. By repeated crystallization of the diacetates 
of mixed 1 2-dibydroxy 1 2 dibydroanthraoenes obtamed 
from rabbit imne, twice from an ether bght petroleum 
(b p 40-60°) mixture and then from ethanol, optically 
active matenal with [a]^? +346° (c, 0 7% m dioxan) and 
m p 160° was obtamed This did not change m physical 
properties on recrystaUization from ethanol This acetate 
was hydrolyzed with ethanobc KOH to yield dexlro 1 2 
dihydroxy-1 2 dihydroanthracene, mp 102°, [a]^ +164° 
(c, 0 6 % m dioxan) From the mother hquors of the 
crystallization optically inactive 1 2 diacetoxy-1 2-dihydro- 
anthracene with m p 121° was obtamed. This, on hydrolysis, 
gave an optically inactive 1 2 dihydroxy 1 2 dihydro 
anthracene, m p 184° In the bght of these findings the 
products first desonhed (Boyland <fc Levi, 1936) would 
appear to have been mixtures of raceimc and optically 
active forms while the preparation mvestigated by Boyland 
& Shoppee (1947) was a racemate 
The 1 2 dihydroxy 1 2 dihydroanthracene isolated from 
rat urme was subjected to the same procedure as was earned 
out with the rabbit product The optically active 1 2 di 
acetoxy 1 2 dihydroanthracene crystallized from aqueous 
ethanol m rectangular plates, mp 149°, [a]^ -342° (c, 
0 7 % m dioxan) This was hydrolyzed with hot ethanobc 
KOH to give 1 2 dihydroxy 1 2 dihydroanthracene which 
crystallized from benzene m flat needles, m p 162° 
[a]“ -149°(c,0 6 % m dioxan) From the mother hquors 
from the crystallization of the diacetate there was obtamed 
matenal which crystallized from aqueous ethanol mrosettes, 
m p 122°, [a]j -6° (c, 0 6% m dioxan) This was hydro 
lyzed to yield an optically inactive 1 2 dihydroxy-1 2- 
dihydroanthracene which crystalhzed from benzene m 


irregular plates, mp 184°, [a]“ 0° (c, 0 2% in dioxan) 
The laevorotatory and dextrorotatory forms of 1 2 di 
hydroxy-l 2-dihydroanthracene obtamed by crystaUiza 
tion appear to be enantiomorphic A mixture of equal 
quantities (6 mg ) of the two pure opticallyactiveformsgave 
a solution which was optically mactive and the solution on 
evaporation yielded crystalline matenal, m p 182 , which 
appeared to he identical with the optically mactive products 
isolated by fractional crystallization of the metabolites 

These results show that the 1 2-dLliydroxy-l 2- 
dihydroantliracenes previously described were not 
optically pure, but all the unfractioned preparations 
of the diols of anthracene or naphthalene obtained 
as metabohtes from rat urme have been laevorota- 
tory while those obtamed from rabbit urme have 
been either dextrorotatory or optically mactive 
The difference m metabolism may be eissociated 
with the fact that the mjection of a caremogeme 
hydrocarbon such as 1 2 6 6-dibenzantliracene 
juelds tumours m rats but not m rabbits 

The fact that trans isomers 6ire produced m the 
biological oxidation means that the products are 
like those produced by oxidation with lead tetra- 
acetate or lodosobenzene, and not like those formed 
by oxidation with osmic acid or peracetic acid 

SUMMARY 

1 A 1 2-dihydroxy-l 2-dihydronaphthalene (m 
dextrorotatory and mactive forms) was isolated 
from the urme of rabbits, and the same compound 
(m laevorotatory and mactive forms) from the 
urme of rats, after the animals had been dosed with 
naphthalene Tlie hydroxyl groups of these diols 
have been proved to have the trans configuration 

2 The 1 2 dihydroxy-l 2-dihydroantliracenes iso- 
lated as metabohtes of anthracene have been 
isolated m optically pure forms and these are also 
probably trans compounds 
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Mazur & Schorr (1942) foimd that when stilboestrol 
(4 4'-dihydroxy-aj5-diethylstilbene) was adminis- 
tered to the rabbit the mam product excreted m 
the urme was stilboestrol monoglucuromde, m 
amounts correspondmg to about 30 % of the dose 
This finding was confirmed by Wilder Smith & 
Wilhams (1948) and extended to hexoestrol and 
dienoestrol Prof R T WiUiams (private commum- 
cation) found that, m the rabbit, probably up to 
about 10 % of administered synthetic oestrogen was 
excreted as the ethereal sulphate Tins figure was 
based on mcreases of total urinary ethereal sulphate 
on admimstermg synthetic oestrogen, mcreases 
which were, however, not alwaj'S uneqmvocal 

In man, the excretion of stilboestrol as the mono- 
glucuromde m substantial amoimts was reported 
by Dodgson & WiUiams (1948) and by Wilder 
Srmth (1947), whilst detection of a small excretion 
as the ethereal sulphate was claimed by Wilder 
Smith (1947) 

Further experiments on excretion of synthetic 
oestrogens by the rabbit and by man are reported 
here together with the methods used for separation 
and assay of the ethereal sulphate, monoglucuro 
mde and free oestrogen m urmes 

METHODS 

In the case of man the oestrogen was given m the form of 
tablets by mouth and the urme collected for 48 hr and 
preserved with toluene In the rabbit the oestrogen was 
given m solution m ethyl lactate by stomach tube, the urme 
was collected for 4 days and preserved with toluene In 
both cases the urmes were stored at 3° until use The penod 
of storage never exceeded 1 week 

The method we have used for the ethereal sulphate and 
other detenmnationB has the disadvantage that it is 
dependent on bioassay It has been found that if shghtly 
acidified urme or water contaimng hexoestrol, hexoestrol 
disulphate and hexoestrol monoglucuromde is extracted 
with ether the hexoestrol and hexoestrol monoglucuromde 
pass almost quantitatively mto the ether layer They may be 
separated from each other by extraction of the ether solu 
tion with aqueous NaHCOj, m which the gluouromde is 
soluble, followed by dilute aqueous NaOH m which the 
hexoestrol is soluble The urme or water remainmg contains 
the ethereal sulphate fi-om which the free oestrogen may be 
hberated by hydrolysis by acid, the amount of the ethereal 
sulphate ongmally present was determmed by bioassay 


In order to carry out the preliminary recovery experiments 
it was necessary to prepare the pure monoglucuromde and 
disulphate of hexoestrol The monoglucuromde was ohtamed 
from the metabolism experiments reported previously 
(Simpson <L "Wilder Smith, 1948) while the disulphate (3 4 
diphonylhexane 4' 4"-disulphuno acid) was prepared by 
treatmg the free phenol at - 10° m carbon disulphide and 
dunethylanilme with ohlorosulphomc acid (cf Burkhardt 4; 
Lapworth, 1926, Short & Oxley, 1946) followed by crystal 
bzation from 2 k NaOH 

Preliminary recovery experiments 

(а) Preparation of solutions The synthetic mixtures for 
test u ere made up by weighmg out the hexoestrol mono 
glucuromde and the sodium salt of hexoestrol disulphate 
and addmg them to a known volume of water or urme The 
free oestrogen was weighed out and dissolved m a known 
volume of ethanol, the required portion was then pipetted 
fi:om this solution directly mto the centre of the prepared 

'aqueous solution of sulphate and monoglucuromde Care was 
taken to prevent precipitation losses due to the msolubihty 
of the free oestrogen. 

Hexoestrol and its derivatives were used m preference to 
those of stdhoestrol or dienoestrol on account of their 
greater stabfiity (Wilder Smith & WiUiams, 1947) 

(б) ‘ Worhing up' procedure The sample was acidified with 
HCl until just acid to Congo red paper and was then weU 
shaken three times with equal volumes of ether Foams were 
broken by addmg traces of surface active agents (e g Cal 
solene) In general, the use of fairly large quantities of 
ether tended to reduce emulsion formation. Residual foams 
after this treatment were broken by filtration Salt may not 
be used to break foams smce the aqueous layer left after 
ether extraction is used directly for bioassay after smtable 
dilution 

After the three hand extractions the aqueous layer was 
extracted for 24 hr m a contmuous ether extractor and the 
combmed extracts evaporated to dryness, finaUy under 
reduced pressure The residue was treated with 40 ml 
saturated aqueous NaHCO^ solution and the resultant 
mixture extracted with 3 x 40 mL ether The bicarbonate 
layer, contaimng the monoglucuromde, was made acid to 
Congo red paper with HCl, extracted with 6 x 40 ml ether, 
the ether removed by evaporation and the residue made up 
to 100 ml with acetone for bioassay 

The ethereal solution which had been extracted wi 
bicarbonate solution was then washed three tunes 
2K-NaOH and the aqueous layer, contaimng the 
oestrogen, acidified to Congo red paper, extracted 
ether three tunes and the ether extract made ^ - j 
same way for bioassay as the ether extract from the aci 6 
bicarbonate layer 
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EXCRETION OF SYNTHETIC OESTROGENS 


The remaming onginal aqueous layer {containing the 
ethereal sulphate) from the continuous ether extraction, 
"wus refluxed for 1 hr after the addition of 1 % by volume 
of concentrated HCl, neutralized with dilute NaOH and 
assayed on rats dueotly after smtahle dilution with water 
Where the concentration of oestrogen present was too low 
for direct assay after this procedure, the solution was 
extracted with ether and the concentrated extract assayed 

(c) Btoassay The extracts of free oestrogen and mono- 
glucuromde m standard volumes m ethanol or acetone were 
diluted with water to give doses corresponding to recoveries 
of 10, 26, 60, 76 and 100 % Thus a rough range of recovery 
efScienoy was obtamed winch was later narrowed by mter- 
mediate dosmg 

In the case of ethereal sulphate excretion m actual 
metabolism expenments much lower dose levels were 
required than in the case of the recovery expenments In 
these oases the two nearest dose levels giving 80—100 % and 
0 % response on five rats were reported m the Tables smco 
the total excretion was so low that it was obviously not 
worth while narrowing the range to give figures which would 
allow of statistical treatment The procedure of subcu- 
taneous mjection and vagmal smearmg was the standard 
one used m this Institute (Wilder Smith & Wfihams, 1948) 
It wiU be seen that by this method only very approximate 
figures can be given 


Table 1 Recovery of hexoestrol, hexoestrol mono- 
glucuronide and sodium hexoestrol disulphate from 
water and urine* ' 


Recovery of 
Na hex- 
Recovery of oestrol 
hexoestrol disulphate 
(1 mg ) (%) (lOmg ) (%) 


Medium 

used 

Water (1 1 ) 

Normal male 
urme (1 1 ) 

Normal male 
urme (1 1 ) 

Normal male 
urme (1 1) 


67 (49-91) 
91 (77-117) 

88 (73-106) 

103 (79-136) 


48 (33-71)t 
66 (61-84) 

74 (64r-85) 


Recovery of 
hexoestrol 
monogluouro 
rude (10 mg ) 
(%) 

80 (63-105) 
104 (89-124) 


82 (67-114) 108 (90-129) 


* The mean responses and fiducial Iirmts (m parentheses) 
were determmed by the methods given m Fisher & Yates 
(1943) 

t The low figure was due to insufficient hydrolysis 


BESULTS 

Table 1 sbows the results of some recovery experi- 
njents of hexoestrol monoglucuromde, hexoestrol 
disulphate and hexoestrol added to xvater and to 
urine Tables 2 and 3 give the results of metabolism 


Table 2 Ethereal sulphate excretion of synthetic 
oestrogens in the rabbit 




Excretion as 

Monoglucuro 



ethereal 

rude excretion 



sulphate* 

for compansonf 

Rabbit no 

Dose (mg ) (%) 

{%) 



Stilboestrol 


R 30 

600 

0 04-0 2 ’ 


R 30 

600 

0 04-0 2 


R 30 
R30 

240 

240 

0 04-0 4 

0 08-0 4 

(30^) 

R20 

276 

01-04 


R 20 

276 

0 04r-0 1 j 




Hexoestrol 


R 8 

R 9 

600 

600 

01-06 ) 
0 05-0 1 J 

(30-46) 



Dienoestroll 


R 6 

600 

0 1-0 6 1 


R 7 

600 

0 1-0 6 1 

1 (24^) 

R 8 

400 

0 2—0 6 j 

R 9 

626 

02-05 J 

1 


* The lower percentage quoted gave 80-100 % response 
m five rats, while the higher figure gave 0 % response in 
five rats, these figures are not fiducial limits 
t Cf Wilder Smith & WiUiams (1948) 
j The bioassay calculation for ethereal sulphate was made 
on the basis that the dienoestrol was cyolized to the cor 
responding mdene dunng acid hydrolysis (of Hausmann & 
Wilder Smith, 1948) 


expenments earned out m man and the rabbit 
Excretion of synthetic oestrogens as glucuromdes 
m the rabbit has been reported previously 
(Mazur & Schorr, 1942, Wilder Smith & Wilhams, 
1948) 


Table 3 Ethereal sulphate and monoglucuronide excretion of synthetic oestrogens in man 


Case 

Patient 

no 

Oestrogen 

used 

Prostatio cancer 

1 

Stilboestrol 

it 

1 

it 

Normal woman 

4 

Hexoestrol 


4 


>» 

6 


»> 

6 


99 

6 


99 

7 

» 


Percentage quoted gave 80-100% respons 

rats, these figures are not fiducial limits ^ 




Percentage* excreted 

- A 


Dose 

As ethereal As mono 

\ 

As free 

(mg) 

sulphate 

glucuromde 

oestrogen 

26 

1-6 

60-60 

1-2 

20 

3-9 

10-26 

1-5 

6 

1-6 

76-100 

10 

16 

<0 6 

25-60 

<1 

6 

<1 6 

26-60 

1-6 

60 

<0 2 

10-20 

<1 

10 

0 1-1 

30-40 

0 1-1 

10 

0 1-1 

26-60 

01-1 


in five rats, while the higher figure gave 0% response m five 
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DISCUSSION 

In. prelumnary experiments it -was found that, if the 
contmuous ether extraction of the unne or water 
was contmued for much more than 24 hr , 1 oto»> 
recoveries of sulphate with correspondmgly higher 
recoveries of free oestrogen were obtamed Thisis due 
to the fact that under the acid conditions of the ex- 
periment, the ethereal sulphate is hydrolyzed to the 
free oestrogen which is then extracted by the ether 
The somewhat high apparent recoveries of glucuro- 
mde are due to the shght solubihty of free oestrogen 
m saturated aqueous bicarbonate The high bio- 
logical activity of the free oestrogen compared with 
that of the glucuromde makes noticeable the pre- 
sence of even a trace of free oestrogen Durmg 
preliminary experiments also it was found that low 
sulphate figures resulted unless care was taken to 
ensure complete hydrolysis of the ethereal sulphate 
before bioassay 

From Table 2 it is seen that the ethereal sulphate 
excretion m the rabbit was very low Although the 
method was worked out for hexoestrol and its 
derivatives the similarity m chemical and physical 
properties of stilboestrol and its derivatives make it 
hkely that the method can be apphed m their case 
also without much probabihty of serious error In 
the case of dienoestrol it is necessary to make an 
awlditional correction to compensate for the con- 
version of dienoestrol to the correspondmg mdene 
(Hausmann & Wilder Smith, 1948) under the acid 
conditions used for the hydrolysis of the ethereal 
sulphate 

It can be seen from Table 3 that large variations 
m glucuromde and ethereal sulphate excretion occur 
m man as m the case of the rabbit Owmg to the 
small dosage of oestrogen given m the case of man 
the experimental errors are hkely to bo larger 
Nevertheless, it is quite clear that the excretion as 
monoglucuromde m man is much larger than the 
excretion as free oestrogen or ethereal sulphate 

In both the human subject and m the rabbit 
fairly high recoveries of monoglucuromde are 
obtamed, both by our method and that of Dodgson 
& Williams (1948), but we have consistently found 
that, if the urme of patients treated with stdb 
oestrol or hexoestrol is hydrolyzed under conditions 
known to give high yields of the free oestrogen 
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from the glucuromde, only about 10-16 % of the 
ongmal oestrogen administered can be detected 
afterwards as the free oestrogen Thus, unnes 
showmg the presence of about 40-60% of the 
ongmal oestrogen as monoglucuromde by the 
method given above will, on hydrolysis and redeter 
mmation as free oestrogen m the crude unne, show- 
only about 10-16 % present Although it is known 
^hat the monoglucuromde figure determined by our 
method tends to be high, yet this is scarcely sufiflcient 
to account for the discrepancy, for which we can 
offer at present no other explanation than to suggest 
that some other oestrogen, soluble m sodium bicar- 
bonate, may be present which has a higher oestro- 
gemo potency than that of the monoglucuromde 
The figures reported show that the general 
pattern of excretion of synthetic oestrogens is 
similar both for the rabbit and man m that the 
vastly mcreased doses used m animals for these 
metabohsm expenmen-ts do not give a substantially 
changed picture from that obtamed m therapeutic 
dosmg m man 

STOCMARY 


1 A method of separatmg the ethereal sulphates 
of certam synthetic oestrogens from their mono 
glucuromdes and free forms is described 

2 A small excretion of synthetic oestrogen as 
ethereal sulphate has been foimd m both man and 
the rabbit 

3 The method used for workmg up gives reason 
ably quantitative results on known synthetic 
mixtures m unnes, so that there is httle doubt that 
the comparatively low overall recovenes obtamed 
m metabohsm experiments are not due entuely to 
madequate techmque, but do mdicate a real 
metabohc breakdo-wn 

4 Results obtamed by detemunation of the 
metabolized oestrogen as the monoglucuromde are 
consistently higher than those obtamed by hydro 
lysis of aU conjugated forms of oestrogen present 
followed by detemunation as free oestrogen A 
possible explanation for this is offered 

'Wo are mdebted "to the Council of the Middlesex Hospital 
for the pro-viBion of laboratory facihties for this -work, to 
Mrs D CuUiford and Mr B D Shepherd for techm^ 
assistance, to Dr W Hausmann for the preparation of the 


Council for a grant 
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The Formation of Hydrogen Carriers by 
Haematin-catalyzed Peroxidations 

2 SOME BEACTIONS OF ADRENALINE AND ADRENOCHROME 
By J E FALK, The Inshtuie of Medical Research, Royal North Shore Hospital, Sydney 


{Received 18 August 1948) 


Green & Richter (1937) found that adrenahne 
induces a vigorous oxygen uptake when added m 
low concentrations to the reconstructed lactic and 
mahc dehydrogenase systems of heart muscle 
This effect was found to he due to the oxidative 
formation from adrenaline of a substance which 
they identified and named adrenochrome The 
formation of adrenochrome depended on the 
presence m their eirzyme preparations of a factor 
which they considered very probably to be cjdo- 
chrome c It was further found that m the presence 
of 03dochrome c the effect was stimulated by 
hydrogen peroxide They assumed that the role of 
hydrogen peroxide was the oxidation of ferrocyto- 
chrome c, and that femcytochrome c oxidised 
adrenahne to adrenochrome Cytochrome c and 
hydrogen peroxide thus exerted what Green & 
Richter called a ‘trigger’ effect, evidently by 
hastening the formation of adrenochrome The 
addition of low concentrations of adrenochrome 
itself to the enz5Tne-adrenahne system also caused 
a ‘trigger’ effect, the reaction lag bemg shortened, 
but the maximum rate eventually reached not bemg 
much affected 

It was established that, once formed, the adreno- 
chrome acted as a earner m these systems Green 
& Richter were not certam whether the reoxidation 
of the reduced (leuco) adrenochrome was enzymic 
or autoxidative 

Hermann, Boss & Fnedenwald (1946) have shown 
that ‘ oxidized adrenahne ’ solutions are able to take 
part m a coupled oxidation of ascorbic acid, and 
that the rate m tins case is further stimulated by 
the addition of cytochrome c 

In an earher paper (Albert & Falk, 1949) the 
peroxidative oxidation of certam aendme and 
qumohne compounds, catalyzed by cytochrome c or 
methaemoglobm, was discussed Li the present 
paper a sumlar peroxidative oxidation of adrenahne 
18 described, adrenochrome is shown to act as an 
autoxidizable hydrogen earner m the oxidation of 
ascorbic acid, and to catalyze the oxidation of 
adrenahne itself These reactions offer a possible 
explanation of the ‘trigger effects’ of cytochrome c 
and adrenochrome desenbed by Green & Richter 
Biochem 1949, 44 


(1937) They are a further example of the non- 
specific haematm peroxidative effect, which may 
also be of impoidance in vivo 

EXPERIMENTAL 

Materials 

Water for aU purpoBee was double distilled from an aU 
glass stdl Adrenahne was pure ( — ) adrenaline, m p 213'’ 
(deoomp ), kindly presented by Burroughs, Wellcome and 
(Do , Sydney It was stored under N*, and weighed amounts 
were dissolved immediately before use m 1 eqmv of 
0 1 n-HC 1 and made up to the required volume 

Adrenochrome was prepared from adrenahne by the 
method of MacCJarthy (1946, 1946), quoted by BandaU 
(1947), meltmg pomt, after crystalhzmg from dry methanol- 
formic acid, was 130° (decomp ) (Found C, 60 1, H, 6 1, 
N, 7 6 Calc for CjEjOaN C, 60 3, H, 6 1, N, 7 8% ) The 
monoxime of this adrenochrome was prepared and, as 
reported by Veer (1942a), it was found that its melting 
pomt rose as the substance lost water After drying 
qmckly on porous tde it melted sharply, with decomposition, 
at 178° and at 180° (decomp ) after drying tn vacuo over 
CaClj Solutions of adrenochrome m water were prepared 
immediately before use 

The ascorbic acid was pure, solutions were made m 
distiUed water, with the addition of 1 equiv of 0 Ix-NaOH, 
immediately before use, HjOj solutions were prepared by 
diluting 100 vol peroxide Sobering Kahlbaum copper-free 
cysteme was used. The meltmg pomt of the qmnol was 286°, 
and that of the catechol, 104° The cytochrome c, methaemo- 
globm and catalase were prepared as described previously 
(Albert & Falk, 1949) 

Methods 

Oj uptakes were measured m Warburg respuometers at 
pH 7 0 and 28 or 37 6° The gas phase was usually air, and 
the shaking rate 120 per mm The total volume of hqmd 
per flask was 2 0 ml , and the final molarity of the phosphate 
buffer was 0 12 

RESULTS 

The effect of haematm compounds on the 
oxidation of adrenaline 

Fig 1 shows the effect of cytochrome c on the rate 
of oxidation of adrenahne solutions at pH 7 and 
37 6° The rate graduaffy increased m all cases to 
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a maxuniim, which was maintained steadily for 
some time , the lag, however, was decreased m pro- 
portion to the amount of cytochrome c added In 
these experiments the red colour, characteristic of 
adrenochrome, appeared at about the end of the lag 


/// 


'// / / 


(shortenmg of lag) by hydrogen peroxide and the 
inhibition by catalase suggested a peroxidative 
mechamsm 

Green & Richter (1937) found a very rapid up 
take of oxygen m the system adrenalme cyto 
chrome c-cytochrome oxidase Here the adrenaline 
was simply the substrate for the cytochrome 
system , when the oxidase was boiled there was no 
uptake m the first 5 mm The peroxidative effect 
described above is only revealed when measure 
ments are made for longer periods 


E/D//C A 


100 200 
Time (min ) 

Tig 1 The effect of cytochrome c on the oxidation of 
adrenaline Oj uptake was measured at pH 7 and 37 6° 
Each flask contamed 2 0 mg of adrenalme Cytochrome c 
m curves A-U, 0, 0 1, 0 2, 0 3 and 0 6 mg respectively 

After 10 hr oxygen uptake was still occurrmg m all 
the flasks at rates only shghtly lower than the 
maximum At this time, the depth of the colour 
was greater the more cytochrome c had been added 
Fmally the colour became very dark, suggestmg 
melanm formation There was no output of carbon 
dioxide The adrenalme was eventually oxidized 
past adrenochrome, even m the absence of cyto- 
chrome c (theoretical oxygen uptake for 1 mg 
adrenalme to adrenochrome, 122 pi ) 

Table 1 Peroandative catalysts of the 
oxidation of adrenaline 

(Oj uptakes were measured at pH 7 and 37 5" Each 
flask contamed 2 0 mg adrenalme (6 6 x 10“*m) Suflicient 
catalase was added to decompose completely 2 0 ml of 
m-HjOj m 10 mm , the cytochrome c was 0 9 x 10~‘bi, the 
methaemoglobm 0 22 x 10-®m, and the Hj03 10"^ M The lag 
(time to reach maximum rate) was reproducible to ±3 mm ) 

Reagents added Lag (mm ) 

— 180 

HaOj 180 

Cytochrome c 66 

C^dochrome c +H3O1 30 

Cytochrome c + catalase 140 

Methaemoglobm 76 

Methaemoglobm + HjO. 36 

Methaemoglobm + catalase 170 

Methaemoglobm reacted similarly to cytochrome c 
(Table 1) In. both cases the further stimulation 


The effect of adrenochrome on the 
oxidation of adrenaline 

Green & Richter (1937) studied the system malate, 
make dehydrogenase, coenzyme, cyamde and adren 
ahne In the full system small amounts of adreno 
chrome greatly stimulated the rate of oxygen uptake 
and the oxidation of adrenalme to adrenoclirome In 
the absence of malate they found that the addition 
of adrenochrome did not stimulate the oxygen 
uptake (durmg the first 3 mm ) and did not brmg 
about the oxidation of adrenalme to adrenochrome 



0 01 0 02 0-05 


01 

Adrenochrome (mg ) 


Tig 2 The effect of adrenochrome on the oxidation of 
adrenalme Oj uptake measured at pH 7 and 37 6° Each 
flask contamed m the mam bulb 2 0 mg of adrenaline, 
and the adrenochrome solutions were tipped from a side 
arm The adrenalme was 6 6 x 10“®M (0 2 mg adreno 
chrome gave a molanty of 6 4 x 10~^) 

It IS now found that adrenochrome shortens the 
lag m the oxidation of adrenalme m a simple 
system contammg only adrenalme and adreno- 
chrome at pH 7 and 37 5° The results are shown m 
Fig 2, the lag was progressively shortened wit 
mcreasmg amounts of adrenochrome In contro s 
with adrenochrome alone, the oxygen uptake was 
neghgible The ongmal oxygen-uptake curves were 
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of the same type as those shown m Fig 1, and only 
with very high adrenochrome concentrations could 
any stimulation be observed m the first 3 min 
Adrenochrome did not mcrease the rate of autoxi- 
dation of cysteme, catechol or qmnol at pH 7 and 
25° or 37 5° 

The effect of adrenochrome on the 
oxidation of ascorbic acid 

Adrenochrome catalyzes the oxidation of ascorbic 
acid (Fig 3) In these experiments there »was no lag, 
and the oxygen uptake was Imear withm certam 
limits of time 



Fig 3 The effect of adrenochrome on the oxidation of 
ascorbic acid Oj uptake was measured at pH 7 Each 
flask contamed m the mam bulb 1 0 mg ascorbic acid 
(2 8 X IO-’m) The adrenochrome wm tipped from a aide 
arm Curve A, 26°, curve B, 37 6° 

Hermann et al (1940) found that ‘oxidized 
adrenahne’ solutions had a similar effect on the 
oxidation of ascorbic acid, and that a further stimu- 
lation was caused by cytochrome c The present 
author has repeated this experiment under the 
conditions described by Hermann et al (1946) with 
quantitative agreement with their results These 
workers considered that the ‘oxidized adrenahne’ 
solutions contamed ‘some unoxidized adrenahne 
and several oxidation products at different steps 
towards the maximum possible oxidation’ In this 
connexion it is noteworthy that with an amount of 
this solution (prepared accordmg to their method) 
eqmvalent to an ongmal 0 4 mg of adrenahne, 
3 0 mg of ascorbic acid absorbed only 72 pi of 
oxygen m 20 mm at pH 7 0 and 37 6° Under 
sunilar conditions, but with 0 4 mg of adrenochrome 
mstead of oxidized adrenahne, 280 pi of oxygen 
were absorbed 

Under no conditions, however, was cytochrome c 
found to stunulate the rate of oxidation of ascorbic 


acid m the presence of pure adrenochrome alone 
As has been shown above, cytochrome o consider- 
ably stimulates the oxidation of adrenahne, and it 
seemed possible that the oytochrome c stimulation 
of Hermann et al (1946) was due to the effect of the 
cytochrome c m convertmg unchanged adrenaline 
in the solution of ‘oxidized adrenahne’ to adreno- 
chrome Provided that the rate was Limited by the 
adrenochrome congentration (cf Fig 3) cytochrome 
c should thus cause a stimulation Under certam 
conditions (Table 2) it was m fact found that cyto- 
chrome c caused a stimulation m the rate of oxi- 
dation of ascorbic acid m the presence of mixtures 
of adrenochrome and adrenahne 

Table 2 Oxidation of ascorbic acid with a mixture of 
adrenaline and adrenochrome 

(Oj uptakes were measured at pH 7 and 37 6° Each flask 
contamed 2 0 mg of ascorbic acid m a side arm, the 
remamder of the reagents being m the mam bulb Adreno 
chrome was limi ting m Exps 1 and 2 All values are 
corrected for ascorbate autoxidation (16 pi /lO min ) In 
Exps 1 and 2, the flasks were shaken m the bath for 
30 nun before tippmg m the ascorbic acid ) 



Exp 1 

Exp 2 

Exp 3 

Exp 4 

Adrenahne (mg ) 

03 

03 

0 

0 

Adrenoclupme (mg ) 

0 036 

0 036 

0 

0 

Cytochrome c (mg ) 

0 

06 

0 

06 

Oxidized adrenaline 

0 

0 

04 

04 

(mg) 

0, uptake 

66, 67 

76,77 

20, 20 

129, 132 


(pi /lO min ) 

When the ascorbic acid was added, without 
previous mcubation, only a very shght oytochrome 
c stimulation was found under the conditions of 
Exps 1 and 2 There seems httle doubt (Fig 2) that 
the leucoadrenochrome-adrenochrome system acts 
as a hydrogen earner m the oxidation of adrenahne, 
and it 18 hkely that hydrogen peroxide is formed m 
the reaction (see p 372) Thus ‘ oxidized adrenahne ’ 
solutions may differ fi'om mixtures of adrenahne 
and adrenochrome m contammg small amounts of 
hydrogen peroxide When Exps 1 and 2 of Table 2 
were repeated m the presence of lO-^M-hydrogen 
peroxide, a sumlar cytochrome c stimulation was 
found without previous mcubation 

DISCUSSION 
The oxidation of adrenaline 

On shakmg solutions of adrenahne m air at pH 7 0, 
a relatively slow, autocatalytic oxidation occurs, 
presumably mvolvmg reactions (la) and (16) (see 
p 372) ' 

Melamn is eventually formed by unknown re- 
actions, probably mvolvmg further oxidation and 
polymerization The rate, followed by measurement 

24-2 
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of oxygen uptake, is typical of an autocatalytio 
process (Pig 1, curve A), it is possible that tlus 
IS due to adrenochrome, as formed, actmg as a 
hydrogen earner, bemg reduced by adrenahne to 
leucoadrenochrome with reoxidation by oxygen 
(reaction (2)) 
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mvahd, smee it requires the reduction of the 
adrenoclirome by the more electropositive adrena 
hue (Table 3) 

However, Ball & Chen (1933) measured a thermo- 
dynamically reversible step m the oxidation of 
adrenahne m acid solution, but found that at pH 7 


V-CH(OH) CH, NH CH3 20, 


(a) 


Adrenaline 



.0 



( 1 ) 


0 , 



+H,0, 


(2) 


This mechanism is supported by the results 
shown m Fig 2 Reaction (la) is probably slow 
compared with (16), and it is probably (la) winch 
IS catalj^ed by the adrenochrome (see below, and 
of also LuVaUe & Weissberger, 1947) 

The stimulation by cytochrome c and methaemo- 
globm of the oxidation of adrenahne is clearly 
a peroxidative effect, smee it is stimulated by 
hydrogen peroxide and inhibited by catalase It is 
probably agam reaction (la) which is catalyzed, 
becommg now reaction (3) 

Adrenaline -hHjO 2 (kaematin) adrenaline quinone -f- 2 H 2 O 

(3) 

Autocatalysis here is probably duo to two feictors, 
adrenochrome as it is formed cataly^img the oxi- 
dation as a hydrogen carrier, and the hydrogen 
peroxide formed (reaction (2)) oontributmg to the 
peroxidative catalysis 

The postulation of adrenochrome as a hydrogen 
earner m the oxidation of adrenahne may seem 


the oxidant of the system was extremely unstable 
There is httle doubt that they were dealing with the 
system adrenahne ^ adrenahne qumone (la), the 
latter undergomg at pH 7 a very rapid irreversible 
change with rmg closure to yield adrenochrome by 
oxidation (either direotly or after rearrangement to 
leucoadrenoclirome), or by dismutation 

Such a system with an unstable component may 
be completely oxidized by another much more 
electronegative system Thus BaU & Chen (1933) 
found that at pH 7 one equivalent of adrenahne 
(Ho, pH 7 = -f 0 388 V) was capable of reduemg four 
eqmvalents of 2 6 diclilorophenohndophenol (Ho> 

pH 7= -f0 217 V) 

The oxidation of ascorbic acid by 
adrenochrome 

In catalj^zmg the oxidation of ascorbic acid 
(Fig 3) adrenochrome agam acts as a hydrogen 
earner A similar oxidation of the still more electro- 


Substance 

Eo at 
pH 7 0 

(V) 

Table 3 

Temp 

(“) 

Oxidation reduction potentiala 

Reference 

Method 

Adrenaline 

-f0 388 

30 

Ball & Chen (1933) 

Oxidative 

Cateobol 

+ 0 360 

30 

Ball & Chen (1933) 

Oxidative 

Qnmol 

+ 0 271 

30 

BaU & Chen (1933) 

Oxidative 

Itencoadrenoohrome 

+ 0 044 

20 

Wieaner (1942) 

Polarographio 

Ascorbic acid 

-0 006 

36 5 

Borsook & Keighley (1933) 

Potentiometnc (method of mix 

Cysteine 

-0 390 

26 

Borsook, Elhs & Huffman (1937) 

tores) extrapolated to pH 7 0 
Thermal 
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negative cyeteme might be expected The oxidation 
of cysteme is very complex, however (cf Remick, 
1943, Borsook et al 1937), and % values at pH 7 
as high as + 0 06 V have been recorded (Wdhaies 
& Dnssen, 1930) 

It is possible that adrenahne may be oxidized m 
hvmg tissues by non-enzymic mecha n isms such as 
those described above The importance of adreno- 
chrome has been stressed by Veer (1942a), who 
brought forward evidence that it is biologically 
active, and that it is a melamn precursor m mvo 
The closely related pigment haUacbrome was found 
by Friedheun (1932, 1933) to mcrease the oxygen 
consumption of erythroc3rfce3, and probably plays 
a role m the maturation of reticulocytes (Gad, 
Jacobsen & Plum, 1944) Veer (1942 6) obtamed 
evidence for somewhat similar action of adreno- 
clirome, m that it augments the leucocyte migration 
of animal bone-marrow transplantations tn mtro 
The catalysis by adrenochrome of adrenahne 
oxidation is analogous to the non enzymic step m 
/the oxidation of tyrosme discussed by Kert^sz 
(1948), m that m each case the catal 5 ^t is an 
o-qiunone Leucoadrenochrome, however, is very 
rapidly autoxidized at pH 7, wlule dihydroxy- 


phenylalanme oxidation is rapid only when cata- 
lyzed enzymically 

SUMMARY 

1 The oxidation of adrenahne by atmospheric 
oxygen at pH 7 is cataljfzed peroxidatively by 
cytoclirome c and by me^aemoglobm Traces of 
hydrogen peroxide ongmaUy formed by autoxida- 
tion of adrenahne are later augmented by autoxi- 
dation of leucoadrenochrome 

2 The oxidation of adrenahne is catalyzed by 
adrenochrome, which acts as a hydrogen earner 

3 Adrenoclirome acts as a hydrogen carrier m 
catalyzmg the oxidation of ascorbic acid by atmo- 
sphenc oxygen It does not affect the rate of 
oxidation of oystomo, oatechol or quinol at pH. 7 

4 The catalysis of the oxidation of ascorbic acid 
by ‘oxidized adrenahne ’ solutions appears to be due 
to the adrenochrome content of these solutions 

Dr R Lemberg is thanked for his guidance throughout 
the work, and Dr A. Albert for his continued mterest This 
work was financed by grants from the Wellcome Foundation 
and the National Health and Medical Research Council of 
Austraha 
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The Substrate Specificity of the Tyrosine Decarboxylase 
of Streptococcus faecalis 


By G H SLOANE-STANLEY, Department of Pharmacology, University of Oxford 

{Received 0 August 1948) 


Streptococcus faecalis has been shown to possess an 
enzyme which decarboxylates L-tyrosme and l- 3 4 
dihydroxyphenylalanme, with the formation of 
carbon dioxide and the correspondmg ammes , this 
onzjTne is known as tyrosme decarboxylase (Gale, 
1940 , Epps, 1944) 1,-3 4-Dihydroxyphenylalanino 
IS also a substrate of the DOPA decarboxylase of 
mammahan tissues Tins enzyme attacks neither 
LtjTTosme nor n-phenylalamne (Blascliko, 1939), 


but it does decarboxylate l- 2 6-dihydroxyphenyl- 
alanme, L-m hydroxyphenylalanme and l-o- 
hydroxyphenylalanme (Blaschko & Sloane Stanley, 
1948, Blaschko, 1949) Tlie experiments described 

m this paper were done m order to find out 
whether 2 6-dihydroxyphenylalamne, m-hydroxy- 
phenylalamne and o -hydroxyphenylalanme are 
substrates of the streptococcal tyrosme decarboxv- 
lase 
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METHODS 

Preparation of the enzyme A strain of Strep faecalis R 
(American Type Culture CoUeotion no 8043), given by Prof 
I 0 Gunsalus, was need The oiganism was mamtamed as a 
stab culture in glucose marmite agar, renewed every fort 
rugbt For experimental purposes it was grown m a hqmd 
medium Two media were used a vitamm B, free medium 
and a medium containing pyndoxal, the latter was pre 
pared by addmg 600 gg of pyndoxal (Merck) to each litre 
of the vitamin Bg-free medium The vitarmn Bj fi«e 
medium was similar to that developed by Bellamy & 
Gunsalus (1945), its composition is given m Table 1 The 
concentration of KjHPOi m tte medium was double that 
given by Bellamy & Gunsalus, this change approximately 
trebled the yield of tyrosme decarboxylase 

Table 1 Medium used for grmvth of Streptococcus 
faecalis B 


(Quantities for 1 1 of solution, adjusted to pH 7 2-7 3 
before autoolavmg ) 


Casern hydrolysate, dned, vitamin free 


10 g 

Anhydrous glucose 


10 g 

KjHPO, 


10 g 

Sodium acetate (hydrated) 


2g 

Salts B (Landy & Dicken, 1942) 


5 ml 

nn-Alanme 


200 mg 

L Cystme 


200 mg 

DL Tryptophan 


100 mg 

Thioglycollio acid 


100 mg 

L Tyrosme 


100 mg 

Ademne sulphate 


6 mg 

Guanine hydrochlonde 


6 mg 

Uracil 


6 mg 

Nicotmic acid 


6 mg 

Calcium deairopantothenate 


1 mg 

Riboflavm 

N 

1 mg 

Pteroylglutamio acid 


44 gg 

Biotm 


1 Pg 


Before it was grown m either of the experimental media, 
the orga m sm was suboultured through a hqmd medium 
prepared by adding 0 1 gg of pyndoxal to 9 ml of the 
vitamm B, free medium After mooulation from the stab 
culture, this medium was mcubated for 24 hr at 37° The 
cell suspension was then diluted 20 times with sterile 
distilled water, and each 9 mL of experimental medium 
was mooulated with 0 1 mL of the diluted suspension 
"Washed suspensions of mtact resting cells were prepared 
as follows Tubes, each contammg 9 mL of medium, were 
mooulated and mcubated for 24 hr at 37° The ceUs were 
then oentnfuged out and washed with 0 9 % (w/v) Nad, for 
the manometno experiments the cells from each tube were 
suspended m 1 6 mL of distilled water 

Dned cells of the oigamsm were prepared as follows For 
each sample a flask contammg about 400 ml of warmed 
medium (with or without added pyndoxal) was mooulated 
and mcubated at 37° In the absence of pyndoxed the 
highest yields of tyrosme apodecarboxylase were obtamed 
after 20 hr mcubation, m the presence of pyndoxal the 
best time of mcubation was c 14 hr The flakk was then 
cooled to 0°, the cells were centrifuged out, washed with 
ice cold 0 9 % (w/v) NaCl and suspended m a httle ice cold 
distilled water The suspension was poured mto c 7 vol of 
ice-cold dry acetone, the cells were then filtered off on a 
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small Buchfier funnel (usmg Whatman no 60 paper), 
washed with small portions of ice cold dry acetone, and 
finally dned in vacuo over HijSOi About 260 mg of dned 
cells were usually obtamed from each 400 ml of medium 
They were stored tn vacuo over H1SO4 at 0° 

Manomelnc procedure In all experiments Warburg 
manometers were used, with comcal flasks with one side 
bulb The side bulb of each flask contamed 0 4 ml of 
substrate solution, except m substrate competition expen 
ments, in each of which the side bulb of one flask contamed 
0 4 ml of a solution of the ammo acid to be tested plus 

0 4 ml. of 0 04 m-l tyrrosme suspension The temperature of 
the bath was 28 6° In the experiments with mtact cells 
the gas phase was air, except m the studies with 2 6 dr 
hydroxyphenylalanme when Nj was used. In all experiments 
with dned cells the gas phase was N, 

The contents of the mam compartments of the mano 
meter flasks depended on the cell preparation used In the 
experiments with mtact cells grown m the vitamm Bj free 
medium, the mam compartments contamed 0 5 ml of cell 
suspension, 1 0 ml of 0 076m phthalate buffer (pH 6 0), 

1 0 ml of pyndoxal hydrochlonde solution (contammg 
10 gg of pyndoxal) and 0 1 ml of distilled water Under 
these conditions the tyrosme apodecarboxylase m the cells 
IS saturated with codecarboxylase formed within the cells 
fi^m the added pyndoxal (Gunsalus & Bellamy, 1944) In 
these experiments the rate of evolution of COjj was low m 
the first few mmutes after tipping but subsequently mcreased, 
and became steady after about 16 min. 

In the experiments with dned cells grown m the vitamm 
Bj free medium, the mam compartment of each manometer 
flask contamed 1 mg of dried ceUs (Added as a suspension 
m distilled water), 0 2ml ofM acetate buffer(pH6 6), 1 0ml 
of pyndoxal hydrochlonde solution (contammg 10 gg of 
pyndoxal), 0 1 ml of adenosmetnphosphate (ATP) solution 
(prepared from a sample of the bannm salt, given by 
Boots Pure Drug Co Ltd., and conta ining 1 mg of ATP) , 
distilled water was added to make the total volume 
of hqmd, mcludmg that m the side bulb, 3 ml Under these 
conditions, the tyrosme apodecarboxylase m the dned cells 
is saturated with codecarboxylase formed from the added 
pyndoxal and ATP by an enzyme m the ceUs (Umbreit, 
Bellamy & Gunsalus, 1946) With dned cells, the rate 
of evolution of CO™ became steady withm 6 mm. after 
tippmg 

In the experiments with dned cells grown m the medium 
containing pyndoxal (600 gg /I ), the mam compartment of 
each flask contamed 10 mg of dned cells (added as a 
suspension m distdled water), 0 2 ml of m acetate buffer 
(pH 6 6) and distdled water to make the volume 1 1 mL The 
dried cells used for these expenments contamed fyrosme 
decarboxylase already saturated with codecarboxylase 
These ceUs wdl be referred to as ‘ complete’ ceUs In these 
expenments COj was evolved at the maximum (steady) 
rate from the moment of tippmg 

In every experiment, the steady rate of evolution of COj 
was measured, and is given as F m the Tables, F r represents 
the rate with 0 4 ml of 0 04m l- tyrosme added tis substrate 

RESULTS 

Expertments with m-hydroxyphenylalanine The 
results of some typical experiments are given m 
Table 2 Intact ceUs of Strep faecalw R were 
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tested 'With, 'two difierent concentrations of m- 
hydioxyphenylala'nme with the lower concentra- 
tion no COa was evolved (Exp 1) , with the higher 
concentration a dmall amount of CO j was apparently 
evolved, but it is doubtful whether this was outside 
the limits of experimental error (Exp 2) With 
dried cells, however, m-hydroxyphenylalanme 
was defimtely decarboxylated, the rate of reaction 


water, and the washmgs were added' to the tube 
The mixture (8 ml ) was expected to contam 1 mg 
of m-hydroxyphenylethylannne/ml It was heated 
for 6 mm m boilmg water and then centrifuged 
Portions of the supernatant flmd were mjeeted into 
the jugular vem of a spmal cat Fig 1 is a record of 
the arterial blood pressure and shows the results of 
the mjection of (o)lOmg of synthetic in-hydroxy- 


Table 2 Tyrosine decarboxylase of Streptococcus faecahs R, and m Jiydroccyphenylalanine 






Fr(/ul CO, 




Gone of Dij-Trt 


evolved/hr , 




hydro xj^phenyl- 

F(/il CO, 

tyrosme as 


Exp no 

Enzyme preparation 

alamne (m) 

evolved/hr ) 

substrate) 

F/Fr 

1 

Intact vitaimn Bg free cells +pyndoxal 

0 0027 

0 

300 

0 

2 

Intact vitamm Bj free cells +pyndoxal 

0 014 

10 

490 

0 02 

3 

Dned vitamm B, free cells +pyndoxal + ATP 

■ 0 011 

220 

810 

0 27 

4 

Dned ‘complete’ cells grown •with 

0 022 

360 

1160 

0 31 


pyndoxal 






was about 30% of that mth tyrosine as sub- 
strate 

Substrate competition experiments suggested 
that tyrosme and m-hydroxyphenylalamne are 
both decarboxylated by the same enzyme In one 
such experiment the ra-bes of evolution of COj, m 
fjl /hr , were with 0 011 M-DL-m-hydroxyphenyl- 
sdanme, 220, with 0 OOSSw-L-tyrosme, 810, with 
both armno-acids, 690 

The product of the decarboxylation of w 
hydroxyphenylalamne is the correspondmg amme, 
m-hydroxyphenylethylamme This substance has 
sympathomimetic properties and raises the arterial 
blood pressure of the spmal oat (Barger & Dale, 
1910, Blaschko, Holton & Sloane-Stanley, 1949) 
The hqmd from manometer flasks m which m- 
hydroxyphenylalamne had been mcubated -with 
dried ‘complete’ cells of Strep faecahs B was, 
■therefore, mjected into spinal cats whose artenal 
blood pressure was recorded, its pressor action was 
compared with that of synthetic m-hydroxyphenyl- 
ethylamme In one such e'xpemnent four mano- 
meter flasks were set up, each containmg 10 mg of 
dried ‘complete’ cells and 0 022M-x>L-m-hydroxy- 
phenylalamne m a total volume of 1 6 ml They were 
shaken m the bath for 2 hr after tippmg, by the end 
of which time the evolution of COj had almost 
ceased, the results of Exp 4 were obtamed from 
one of these flasks The total volume of COj which 
had been evolved m all four flasks was 1220 ^ The 
retention of COo under these conditions had been 
found 'to be about 6 % m a parallel experiment "vseth 
tyrosme as substrate , therefore, the evolution of 
1220 ftl of COj corresponded to the formation of 
1290 /xl , eqmvalent to 8 mg , of m-hydroxyphenyl- 
ethylamme Tlie hqmd from all four manometer 
flasks was pipetted mto a centrifuge tube, each 
flask was washed twice with 0 26 ml of distilled 


phenylethylamme, (b) 1 0 ml of the supema'tant 
flmd, and (c) 0 7 mg of synthetic m-hydroxyphenyl- 
ethylaanme The mjection of the supernatant fluid 
had an effect on the blood pressure similar to that of 



Pig 1 Pressor action of m-hydroxyphenylethylamme 
Artenal blood preBsare of spmal cat Ttacmg sho'WB 
effects ofmtravenoiiB mjection of (a) 10 mg ofEynthetio 
fn hydroxyphenylethylamme , (6) 1 0 m]. of supernatant 
flmd from moubation of m hydroxyphenylalamne mth 
acetone dned preparation of Strep faecahs R, expected 
to contain 1 0 mg of tra-hydroxyphenylethylamme, and 
(c) 0 7 mg of synthetic m hydroxyphenylethylamme 


synthetic w-hydroxyphenylethylamme The pressor 
response to 1 0 ml of the supernatant flmd was 
shghtly less than that of 1 0 mg of fhe synthetic 
amme, this may have been due to the fall of the 
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initial blood-pressure level between mjections (a) and 
(b) The pressor effect of 1 0 ml of the supernatant 
flmd was, however, greater than that of 0 7 mg of 
the amme These results show that, withm the 
limits of error of this method, the concentration of 
m-hydroxyphenylethylamme m the supernatant 
flmd, as determined by pharmacological assay, 
agreed with that calculated to be present from the 
results of the manometric experiment The total 
volume of COg formed m this experiment, 1290 fil , 
was 43 % of that which would have been formed by 
the complete decarboxylation of the m-hydroxy- 
phenylalanme added This suggests that only one of 
the two optical isomers, probably the L-form, was 
attacked 

Experiments vntli o-hydi oxyplienylalamne dl o- 
Hydroxyphenylalamne (0 0107 m) was mcubated 
with dried vitamm Bg-free cells plus pyridoxal and 
ATP CO 2 was evolved at a rate of c 26 fd /hr , 
with 0 0063 M-L tyrosme as substrate, the rate of 
evolution of COg was 810 /d /hr In a substrate 
competition experiment done at the same time, the 
rate of evolution of COg with both substrates was 
776 /il /hr , which represented a decrease of 4% m 
the rate of decarboxylation of tyrosme, m another, 
similar, experiment the decrease was 10% These 
decreases were probably not significant 

Experiments unth 2 5-dihydroxyphenylalamne 
The results of some typical experiments are given 
m Table 3 Intact cells of Streps faecalts E. did not 
decarboxylate 2 6 dihydroxyphenylalamne at all , 
but m some of the experiments with dried cells COg 
was apparently evolved, but very slowly 


decreased the rate of decarboxylation of the same 
amount of L-tyrosme bj’- only 8% (from 370 to 
340 fA of COg/hr ) 

DISCUSSION 

The results of the experiments with the isomers of 
tyrosme have shown that the rates of decarboxyla- 
tion of these ammo -acids by dried preparations of 
Strep faecalis R decrease m the order tyrosme, 
OT-hydroxyphenylalamne, o-hydroxyphenylalanme 
The meta compound was decarboxylated by 
acetone dried preparations of the organism at 
about 30% of the rate observed with tyrosme, 
m-hydroxyphenylethylamme was formed m this 
reaction, as shown by its effect on the arterial 
blood pressure of the spmal cat Substrate com- 
petition experiments suggested that both tyrosme 
and in-hydroxyphenylalanme were decarboxylated 
by the same enzyme With o hydroxyphenyl- 
alanme CO 2 was evolved so slowly that it is doubtful 
whether tins ammo-acid was decarboxylated at aU 
In substrate competition experiments it caused 
neghgible decreases m the rate of decarboxylation 
of tjTOsme, its afflmty for t3TOsme decarboxylase 
must, therefore, be very low 

In the experiments with m hydroxyphenyl 
alamne no COg was evolved m the presence of 
washed suspensions of mtact restmg cells of the 
organism, as a result of this observation it was 
stated that the tyrosme decarboxylase of Str^ 
faecalts does not attack ?n-hydroxyphenylalanme 
(Blaschko & Sloane Stanley, 1948) But the expen- 


Table 3 Tyrosine decarboxylase of Streptococcus faecahs R, 
and 2 5-dihydroxyplienylalanine 


Exp no Enzyme preparation 

6 Intact vitamin B, free oells +pyndoxal 

6 Intact vitamm B, fi«e cells -fpyndoxal 

7 Dried vitamm Bg five cells -t-pyndoxal -f ATP 

8 Dned vitamm Bg five cells -t-pyndoxal + ATP 

9 Dned ‘complete’ cells (grown with pyridoxal) 

In order to find out whether tyrosme decarb- 
oxylase can combme with 2 fi-dihydroxyphenyl- 
alanme, substrate competition experiments were 
done In Exp 7, a mixture of 0 4 ml of 0 08M-r>l,- 
2 6 dihydroxyphenylalamne plus 0 4 ml of 0 04 m- 
li-tyrosme was added as substrate, the rate of 
evolution of COg was 690 fA [hr , thus the addition 
of 2 6 dihydroxyphenylalamne had decreased the 
rate of decarboxylation of tyrosme by 27 % 
(1^ = 810) In another experiment the addition 
of 0 4 ml of 0 04 m;-l-2 6 dihydroxyphenylalanme 


Cone of 2 6- 
dihydroxy 
phenylalanine 
(M) 

F(/Xl COg 
evolved/hr ) 

Vr (/xl CO. 
evolved/hr , 
tyrosine as 
substrate) 

V/Vr 

0 011 (DL) 

0 

360 

0 

0 0063 (L) 

0 

380 

0 

0 0107 (DL) 

20 

810 

0 026 

0 0063 (L) 

0 

370 

0 

0 0107 (L) 

16 

490 

0 03 


ments described m this paper have shown that 
although this ammo-acid is not decarboxylated by 
mtact cells of Strep faecahs R, it is attacked by 
acetone-dried preparations of the organism This 
difference is mterestmg for it suggests that the 
undamaged cell membranes of the mtact cells 
are impermeable to m hydroxyphenylalamne, 
although they are fireely permeable to the isomeric 
tyrosme 

It is not certam whether 2 6 dihydroxyphenyl- 
alamne IS a substrate of tyrosme decarboxylase, or 
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can combine with the enzyme It was apparently 
decarboxylated very slowly by acetone -dried pre- 
parations of Strep faecalis R, and it caused sbgbt 
decreases m the rates of decarboxylation of tyrosme 
by these preparations , but these effects may have 
been witlim the lirmts of experimental error 

As a result of the experiments of Epps (1944) it 
IS evident that the tyrosme decarboxyleise of Strep 
faecalis attacks both tyrosme and 3 4 dihydroxy- 
phenylalamne The experiments described m the 
present paper have not been done with pure pre- 
pEirations of the enzyme, but the evidence presented 
suggests that m-hydroxyphenylal£mme is m fact a 
substrate of tyrosme decarboxylase It is evident 
that the replacement of the para hydroxyl group of 
tyrosme by a hydroxyl group m the meta position 
relative to the side cham produces a substance 
which is stdl decarboxylated by Strep faecalis, on 
the other hand, our experiments with o-hydroxy- 
phenylalanme have shown that the rate of de- 
carboxylation of this compound by tyrosme 
decarboxylase is very low 


SUMMARY 

1 Acetone-dned preparations of Strep faecalis R 
decarboxylate m-hydroxyphenylalamne at about 
30% of the rate at which they decarboxylate 
tyrosme The reaction appears to be specific for 
the L form of m-hydroxyphenylalarune, which 
IS decarboxylated quantitatively to m-hydroxy- 
phenylethylamme Washed suspensions of mtact 
restmg cells of the organism have no detectable 
action on m-hydroxyphenylalamne 

2 Dried preparations of Strep faecalis R do not 
decarboxylate o-hydroxyphenylalamne at a sigm- 
fioant rate, nor has this ammo -acid any detectable 
aflSmty for tyrosme decarboxylase 

3 Neither dried preparations nor mtact cells of 
Strep faecalis R have any significant action on 
2 6-dihydroxyphenylalamne 

I wmh to thank DrH Blasohbo for his help and encourage 
ment, and Mrs P Holton for carrying out the pharmaco- 
logical assays, I am grateful to the Medical Research Council 
for a Research Training Grant 
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The Effects of Applied Pressure on Secretion 
by Isolated Amphibian Gastric Mucosa 


By R E DAVIES Airo C TERNER, Medical Research Council Unit for Research in Cell Metabolism, 

Department of Biochemistry, University of Sheffield 

[Received 20 August 1948) 


Ludwig (1861) has shown that secretion by the sub- 
maxillary gland can occur against a pressure greater 
tjian the arterial blood pressure, but no evidence is 
available about the relation between pressure and 
secretion m tbe stomach The apparatus described 
m this paper was developed to study simultaneously 
the rates of fimd secretion and respiration by iso- 
lated gastric mucosa The results show that the 
secretion of hydrochloric acid can occur against 
pressure This supports the view that the hydro- 
static pressure of the blood is not an essential part of 
the mechanism of secretion of the solution of hydro- 
chloric acid by the oxyntic cell 


Apparatus EXPERIMENTAL 

The apparatus used 18 Bhown m Elga land 2 It consists 
of a manometer A, a vessel B, and a hollow stopper S Aw 
a constant pressure manometer (modified from Dixon, 
1943) Like a Warburg manometer it consists of a U tube 
provided with a rubber reservoir containing modified 
Brodie solution A graduated 0 6 ml pipette P is attached 
to its right hand limb, a rubber reservoir B^ contamme 
mercury is attached to the end of the pipette The vessel B 
IS a comcal cup (volume c 27 mb) with a central ground 
soi^et and two side arms and C, The vesselis attached 
to the manometer by the ground jomt J, on the side arm C, 
The side arm 0^, which is not shown m Eig 2, has a tap 
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stopper Instead of the usual centre well a side well W is 
fused to the waU of the vessel The stopper S fits into the 
socket The hollow base of S dips mto the nutrient salme 
m B, and communicates with a graduated honzontal 
capfilary side tube G which can be closed by tap T The 
stopper S wm turn closed by a tap stopper V, which must 
have a wide hole to allow easy flow of the excess hquid 
parafl&n (see Methods) 



Fig 1 Constant pressure manometer Bi, reservoir for 
Brodie solution, ifj, reservoir for mercury, outer diameter 
of tuhmg 0 76 cm , P, mercury pipette, bore 0 18 cm , 
capacity 0 6 ml, graduation 1 division =6 pi (length 
20 cm ) U tube graduated m mm (bore 0 11 cm ) 

Theory of the apparatus 

Dixon (1943) descnbed a differential constant pressure 
manometer which had some similanties to the present 
apparatus, but the theory of the system when used for COg 
measurements was not given 

Case. 1 Gas space JiUed with 100% Og, COj absorbed by 
NaOH The amount of Oj absorbed is given by the readings 
of pipette P, multiphed by a factor correcting it to k t j 
Case 2 Gas space fitted with 5% CO, + 96 % N, CO, is 
evolved and the partial pressures of both CO, and N, 
change Smce the solnbihty of CO, is high (a =0 74 at 26°), 
the amount dissolved m the hqmd changes appreciably 
The Bolubihty of N,, however, is small (a = 0 016 at 26°), and 


smce the partial pressure changes dunng an experiment are 
not more than 0 3%, the changes m the amount of N, 
dissolved m the hqmd can he safely neglected The Hunphfied 
theory of the system for measurmg the anaerobic glycolysis 
18 given below 

Case 3 Gas spacefilled with 6% CO, + 96% 0, 0, is 
absorbed and respiratory CO, is evolved In a non secreting 
mucosa the CO, output nearly balances the 0, uptake so 
that the manometric readings show a very small resultant 
uptake of gas In a secretmg mucosa 1 mol of CO, is 
absorbed to form a bicarbonate ion for each molecule of 
HCl produced The mcrease m the metabohe rate of the 
tissue durmg secretion is usually about 30%, and, as was 
shown by Davies (1948), no significant change occurs m the 
overall uptake as measured on Warburg manometers The 



Fig 2 Vessel B, hollow stopper S, with graduated (side 
tube G, and part of manometer A Capacity of P, 25 ml , 
capacity of side arms C, and (7, (C, is not shown), 1 ml 
Outer diameter ofG,0 6 cm , bore 0 1 cm , length 16 cm , 
graduation 1 division = lpL The mucosa is tied to 'the 
base of <8 (diameter 0 9cm) 

rate of uptake of the CO, absorbed by the mucosa durmg 
secretion of acid can, therefore, he used to estimate the rate 
of secretion of HCl (see Davies, 1948) The solubdity of 0, is 
low (a=0 028 at 26°), and so the simplified theory of the 
system, when used for measurmg the uptake of CO, due to 
acid secretion, is the same as m Case 2 

Let a: =the amount of gas evolved (pi at n T r ) , 

e=the observed change m the readmgs of the 
mercury pipette (pi ), 

Te=the volume of the gas space m the vessel and 
manometer (pi ), 

15 ?= the volume of the hqmd m the vessel (pi), 
ff=the absolute temperature, 

F=the initial pressure in the vessel (1 e the bare 
metric pressured; the pressure mamtamed m 
the manometer, mm Brodie solution), 

Pg =the normal pressure (10,000 mm Brodie solution) , 
p=the vapour pressure of water at temperature T 
(mm Brodie solution), 

a = Bunsen’s absorption coefficient (expressed as ml 
gas/ml hqmd when the partial pressure of the 
gas IB equal to P,) at n tj 
c =the mitial percentage of the gas under considera- 
tion m the gas mixture of the ojhnder, and 
c' = the final percentage of this gas m the gas space 
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Case. 1 When 100% Oj is used and GO, is absorbed by 
NaOH 273 P-p 

Oases 2 and 3 Gas space filled with 6 % GOj +96 % 
or 6 % GOi + 96 % Oi Since the total amount of gas in the 
apparatus equals amount of gas in gas phaae plus amount of 
gas m solution, the initial amount of gas equals 
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buffer, pH 7 4 Durmg experiments m 100 % Oj a phosphate 
saline ’was used which was prepared by adding 1 vol of 
solution (3) to 10 voL of solution (1) GOs was absorbed by 
NaOH m the side well of the flask Eor experiments m 
6% GOa and 95% Oj a bicarbonate saline was prepared by 
adtog 16 vol of solution (2) to 100 vol of solution (1) 
This bicarbonate sahne was also used m anaerobic expen 
ments m 6% GOa and 96% N* Traces of 0* m the gas 
mixture were removed by a stick of yellow phosphorus m 
the side weU All nutnent sahnes contamed 0 2% glucose 


c 273 P-p „ c P-p 
^“lOO Pa ’ 


and the final amount of gas equals 

„ ^ c' 273 P-p „ c' 

^^^''■*'^100 T Po ^ ^“lOO 


P-p 


(1) 


(u) 


Hence by subtraction. 


c' P-p 

Iot p7 




100 Po L ® P 



(in) 


Smce V =the mcreaae m the volume of the gas space of the 
manometer at constant pressure due to the evolution of gas. 




(iv) 


Material 

Frogs {Bana temporaria temporaria L ) and toads {Bufo 
bufo bufo L ) were used They were captured locally and 
housed m an outdoor froggery under natural conditions 
An excess of worms and msects was provided for food 
Similar results were obtained vnth both species, but toad 
gastnc mucosa is less fragile and was preferred The iiinmal 
was pithed and the stomach isolated and wewhed with frog 
sahne The muscle layer was removed and the tube of 
mucosa out open along the lesser curvature (Davies, 1948) 
The open sheet was then tied, with the secretory side up 
wards, to the open base of the stopper 8 and the excess of 
tissue out away In early experiments the mucosa was 
stretched tightly over the end of the stopper, but was 
found to tear easily under the stress of apphed pressure 
This was prevented by laying the mucosa loosely over the 
end of the stopper before tying, it could then withstand 
pressures much greater than 300 mm (Fig 3), but large 


and 


c' = 100 


r.+v 


By substitution of (v) m (m), 

273 P -p Vro. P -p / c \ 

X = V hV ( 1 — I 

T Po ^ V„ + v Po V 100^ 


(•^) 


(VI) 


V IS small compared with Vg and an error of less than 0 2% 
IS made if v is neglected m the deno mina tor of the second 
term of (vi) and the equation used in the form 


1^- 


273 P -p Ypo. P -p 


T P„ 


+ 




0 ioo)_’ 


(vu) 



Fig 3 Efilect of tightness of membrane on stress Let 
h=total pressure on secretory side of mucosa, aJ=re 
sultant stress m mucosa, 6= angle of stress vector to 
horizontal From the triangle of forces A/x =8m 6 When 
^=6'’, x = ll 6 h, when 6=30°, x = 2 0 h 


or x—vL, 

In most of our experiments m which gas mixtures contam 
mg 5% GOj were used, Ig was 1 02-1 04 depending on Vp 
The constant pressure manometers were compared with 
the standard Warburg manometers The evolution of GO* 
from NaHGOj solution by adding a known amount of 
standard acid solution and the uptake of Oj by a yeast 
suspension agreed m both types of apparatus 


fiuctnationB occurred m the readmgs The contmuous slight 
adjustments of the pressure m the manometer caused 
visible contractions of the musculans mucosae It was 
found, however, that 10~®M-atropme m the nutnent sahne 
stopped these movements, but did not prevent good 
secretory responses to histamme This concentration of 
atropme was therefore used m all later experiments 


Sahne media 

The media were prepared from the stock solutions used 
for makmg the physiological sahne of Krebs & Henseleit 
(1032) (1) a basal sahne isotomc with frog serum (modified 
from Gray, Adkison ZeUe, 1940), prepared by addmg to 
2000 ml of doubly distiUed water 79 ml Had (18% I 
81 ml Kd (1 16%), 34 7 ml CaCL (0 11 ir), 12 ml KH.Po! 
(0 2m), 15 8 ml MgSO, 7H;0 (3 82%), 47 3 ml HaHCO, 
(1 3%). (2) 0 12m HaHCOj solution, (3) 0 OSOji-phosphate 


Methods 

The secretory surface of the mucosa was covered with 
0 2 mL of 0 12M-lSrad pipetted mto stopper S The stopper 
and part of the graduated side tube 0 were then filled with 
hqmd paraflhi Tap T at the end of Q was shut and the tap 
stopper 7 was inserted gently to avoid stretchmg the 
mucosa S was then placed into the mam compartment of 
vessel B which contamed sufiScient nutnent sahne (4-6 ml ) 
to cover the mucosa The umt was attached to the mano- 
meter, filled with an appropnate gas mixture, placed m a 
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water bath at 2p 0° and shaken m a horizontal plane An 
identical unit m which the mucosa was replaced by a rubber 
or plastic membrane was used as a thermobarometer After 
eqmhbration the pressure mside the manometer was 
adjusted to the desired value, stopper V turned off and 
tap T opened 

The pressure aotmg on the mucosa was the difference of 
two components (a) the pressure of the gas m the mano 
meter, regulated by means of the mercury in P (Pig 1), 
(b) the hydrostatic pressure of the column of hqmd m 
stopper S less the hydrostatic pressure of the nutnent 
medium m the cup P When (a) balanced (b) the resultant 
pressure was zero IVhen (a) was greater than (6), pressure 
was everted m the chreotion of normal secretion (from the 
nutnent to the secretory side of the mucosa) , the resultant 
pressure {a)-(b) was positive and was prefixed with a 
positive sign When (a) was less than (6) the resultant 
pressure was opposed to the direction of normal secretion 
and was given a negative sign All pressures recorded m 
this paper are m mm Brodie solution (Dixon, 1943) Smce 
the gas exchanges of the tissue and the transport of hqmd 
across the mucosa altered the pressure m the manometer, 
the mercury m P had to be adjusted contmuously m order 
to keep the pressure on the mucosa constant at any desired 
value This value could be altered at wdl several times 
durmg an experiment The possible range of pressures was 
from - 300 to + 300 

The mucosa secreted either spontaneously, or following 
the addition from the side arm of histamme to 6 x 10~*M 
These secretions displaced the hqmd paraffin, the movement 
of which along the graduated capdlaiytube (7 was measured 
At the same tune measurements of the gaseous exchanges 
were made with pipette P 

Three types of experiment were performed (1) The rates 
of respiration ($o,) fimd secretion (?Hao) were measured 

m phosphate sahne gassed with 100% O3 , (2) the rate of 
aoid secretion (Qhoi) I'll® fejO 11^ bicarbonate sahne 
gassed with 6% COj+95% 0,, (3) the rate of anaerobic 
glycolysis (QqqJ and the m bicarbonate sahne gassed 
with 5 % CO2 + 96 % Nj For each set of measurements one 
mucosa was used 

After the experiment the mucosa was removed m two 
portions by cutting round the ailk ligature with a sharp 
razor, washed m distiUed water and dned overnight at 110® 
The dry weight of the circalar portion was used m the 
calculation of the Choi* ?HjO> while the ^o, 

were calculated using the sum of the dry weight of the two 
portions The values of the $hoi> Coj ^o, 
pi /mg dry wt /hr (HCl being considered as a gas at N T P ), 
the JhjO is defined as pi transported flmd/mg dry wt /hr 

Calculation of results 

Smce the secretion of hqmd mto stopper S during any 
period resulted m a loss of hqmd from the cup B, aUowance 
had to be made for this reduction of hqmd volume when 
calculating the gas exchanges Thus, when the change of 
volume m the mercury pipette P was -10pL/16mm, 
while the mcrease m the volume of hqmd m the graduated 
capiUaiy tube O was +2 pi /16 mm , the uptake of gas was 
actually — 10 + 2= — 8pl /16 min This was multiphed by 
a constant which depended on the gas used, to give the 
volume of gas at is t p (see Theory of the apparatus) 
Specimen protocols are given at the end of the paper 


/ 

RESULTS 

Water transport and pressure Application of 
pressures of approximately ± 60 mm did not force 
hqmd across a membrane of aerobic gastric mucosa 
which w£is not secretmg Mucosae secretmg either 
spontaneously or after stimulation with histamine 
transported hqmd from the nutnent to the secretory 
side only The rate was not influenced by the direc 
tion or magmtude of the apphed pressures withm 
the hmits of about ± 60 mm (Fig 4) The average 
maximum calculated for twenty -four secretmg 



Time (hr ) 


Fig 4 Effect of pressure on ^nd Histamme was 
added to a concentration of 6 x 10^ m at arrows marked 
H The apphed pressures are given m mm Brodie 
solution 

mucosae was between 1 0 and 4 0, average 2 3, 
standard deviation 0 9 The average maximum 
Qgoj m ten secretmg mucosae was from 2 8 to 7 0, 
average 4 8, standard deviation 1 3 The average 
maximum Qq^ m twelve secretmg mucosae was from 
1 9 to 4 8, average 3 2, standard deviation 1 0 The 
pressures m these experiments ranged from — 80 to 
-p 60 mm The highast opposmg pressure so far used 
was — 120mm and acid was secreted by the mucosa 
The figure of 18 cu mm secretion/mg dry wt /hr 
stated by Davies & Temer (1948) has been found to 
be m error because of a leak due to a fault m tap V 
of the stopper C This fault has now been corrected 
In some experiments neutral red was added to the 
nutrient sahne to a final concentration of 10~*M It 
was transported from the nutrient to the secretory 
side against opposmg pressures (of Bradford & 
Davies, 1948) No water transport or HCl secretion 
occurred m mucosae under anaerobic conditions 
when the resultant pressure was zero When the 
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Table 1 meet of pressure on traiwport offlutd adroasfrog gastnc mitcosa 

&om to »o»tc,y »d,. -tl.oa«,.t.o„opp»odtoBoto»I.eo.et..„ ) 






Resultant 


Mucosa no 

1 

Date 

1 X 47 

Gas mixture 

6% 002 + 95% Ha 

Experimental 

tune 

0 30-146 

1 60-3 00 

3 05-4 00 

4 06-6 00 

pressure 
(mm. Brodie 
solution) 

-10 
-30 
+ 20 
+ 40 

(4?mg 

dry wt /hr ) 

-04 1 
-09 t 
+ 09 ( 

+ 1 35 J 

2 

21 VI 48 

6% 002 + 96% Ha 

1 68-2 23 

2 28-3 18 

-30 

0 

-6 2) 

0 f 

3 

9 VI 48 

100% Oa 

138-3 08 

3 23-4 23 

-35 

-66 

+ 0 92) 

+ 0 46J 

4 

16 vui 47 

6% 002+95% 0. 

100-130 
140-3 06 
310-4 40 

4 60-6 30 

-42 
-12 
+ 18 
+ 33 

+ 1641 
+ 10 1 
+ 164( 
+ 136] . 


Remarks • 




\ 


Q ^=2 0 

Histamine added to 
6 X 10“®M at 0 hr 63 mm 


Histamme added to 
6 X IQ-'M at 1 00 kr 


pressure was increased above, or reduced below, zero 
a neutral flmd was forced across the mucosa m tbe 
direction of tbe appbed pressure Typical results are 
given in Table 1 

Fig 6 gives the results of two experiments done 
simultaneously on two pieces, A. and B, of one 
large mucosa wbiob bad been divided along the 
greater and lesser curvatures Tbe two portions of 
mucosa from tbe corpus were tied over tbe end of 
two different stoppers A was used to measure the 
gg (j and Qq Tbe nutnent solution was phosphate 
safme gassed with 100 % Oj COj was absorbed by 
sodium hydroxide m tbe side web B was placed m 
bicarbonate sabne gassed with 6 % COj and 96 % 0^ 
and measurements made of the and As 

described on p 378, m a non-secretmg mucosa the 
COa output nearly balances the O 2 uptake, but m a 
secretmg mucosa one molecule of CO 2 is absorbed to 
form bicarbonate for each molecule of HCl produced 
The rate of uptake of tins CO 2 can, therefore, be used 
to estimate the rate of secretion of HCl A com- 
parison of the two pieces of mucosa showed that the 
Qq^, Qaa end g^^g mcreased simultaneously after 
stimulation with 6 x 10“'M-liistamine Both A and 
B secreted against a pressure of —30 mamtamed 
throughout the experiments The molanty of the 
HCl m the secretion was calculated from the g^^g 
and Qgg, , and was found to be between 0 09 and 
0 10 

Tlie tune lapse between mixmg and the response 
to histarmne varied from 1 mm to 2 hr and the 
responses were of vaiymg mtensity and duration 
(Danes, 1948) When the secretory phase was over, 
the volume of the secretion did not mcrease and the 
gjj„g and Qua fell to zero Tlie Qg^ returned to its 
basal value It was also found that mucosae that 
had stopped secretmg were not influenced by 
pressures of the order of ±60 mm of water 

A difBculty was encountered durmg experiments 


with actively acid secretmg mucosae m phosphate 
sahne These often ulcerated because there "were m- 
sufficient supphes of COg to neutralize the alkah 


T 

I 



12 3-156 



Ihg 6 Effect of histamme and thiocyanate on Qhou Q 02 
and gH 20 Idie curves u, m and iv result from an expen 
meat in 100 % O 2 on the antenor portion A, curve 1 from 
an experiment m 6 % CO 2 and 95 % 0^ on the posterior 
portion B, of the same gastric mucosa The secretion 
curves ofB were similar to those ofd (m and iv) and are not 
given. Both A and B were secretmg against a resultant 
pressure of - 30 nun Brodie solution Histamme was 
added to a concentration of 6 x 10~®M at arrows marked 
H, thiocyanate to a concentration of lO-^M at arrows 
marked T 

formed m the oxyntic cell concormtantly with the 
acid (cf Davies & Longmuir, 1948) 
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Effect of thiocyanate Thiocyanate is known to 
inhibit acid secretion in vivo (Davenport, 1940) and 
in vitro (Crane, Davies & Longmuir, 1946) It was 
observed that 10~®M-thiocyanate also reduced the 
volume of the secretions (Fig 5 , 1 and m) Secretion 
of acid was usually stopped, for 30—46 mm The 
mucosa appeared to lose its relative impermeabdity 
m either direction With opposmg pressures some 
water and acid passed back through the mucosa mto 
the cup, and this resulted m an output of CO 2 if 
bicarbonate sahne was used as the medium (Fig 6, 1 ) 



1 2 3 4 S 

Time (hr ) 


Fig 6 Effect of histamine and thiocyanate on Sheets 

of frog gastno mucosa were mcubated at 25° m phosphate 
sahne gassed with 100 % 0* m Warburg cups with 2 side 
arms Histamme was added to a concentration of 
6 X 10'“ M at arrows marked H, thiocyanate to a concen- 
tration of 10'“ M at arrows marked T 

This movement of hqmd and COj output were 
greater for greater opposing pressures After 30- 
46 min , however, the mucosa recovered and re- 
sumed secretion of water and acid, though at lower 
rates Neither the basal Qq^, nor the mcrease m the 
foUowmg histamme stimulation, was affected 
by lO'^M-thiocyanate (Fig 6), whereas the Qhct 
was inhibited by 60-96% of its value durmg 
secretion 

DISCUSSION 

Pressure and secretion Ludwig (1861) inserted a 
cannula mto the duct of the siibmaxillary gland and 
showed that the secretory pressure could exceed the 
arterial blood pressure The apparatus described m 
this paper makes it possible to study the relation 
between secretion and pressure m isolated sheets of 
tissue as opposed to glands with large ducts This 
type of experiment is not usually possible m the 
mtact mammal because pressures apphed to the 
gastno mucosa, for instance, cause collapse of the 
blood capiUanes and the tissue stops secretmg, 
probably because of the resultmg anoxia 

The experiments described m this paper show that 


under aerobic conditions secretion by isolated am- 
phibian gastno mucosa can occur against pressure, 
and that the rate of secretion is not mcreased by 
pressures apphed m the direction of the natural 
secretion This result bears on the statements by 
Davenport & Fisher (1940) that ‘smce the osmotic 
pressures of blood and gastnc jmce are the same the 
mol fraction of water in each is the same Conse 
quently, no reversible work is done when water 
passes from the blood to the secretion, and no re 
versible work is expended A very small amount of 
irreversible work is done on the water m overcoming 
viscosity when water moves at a finite rate The 
energy necessary to perform this work is doubtless 
derived from the difference in hydrostatic pressure 
between the blood and the gastric juice’, and by 
Gray ( 1 943) that ‘ it is conceivable that the filtra 
tion pressure of the blood does supply the energy 
required to move water against the mechanical 
resistance offered by the tissues and cell membranes 
Smce secretion can occur, not only m the absence of 
blood pressure but even against resultant pressures, 
it IS now certam that blood pressure is not necessary 
to move water tlirough the tissues durmg acid secre 
tion by gastric mucosa 

Under anaerobic conditions apphed pressures 
caused a seepage of water tlirough the mucosa m the 
direction of the pressures Tins did not occur m the 
presence of Og, and shows that aerobic metabolism 
mamtains the membrane m a water-tight condition 

The effects of thiocyanate The thiocyanate lon is 
known to inhibit gastno secretion (Davenport, 
1940), and, although it can inhibit carbomc an- 
hydrase, the reduction of the Qjjci must depend on 
other processes (Feldberg, Keihn & Mann, 1 ) 

Smce lO'^M-thiocyanate caused 60-96 % inhibition 
of the Qhcii but did not inhibit the mcrease m the 
Qo followmg histamme, nor prevent this mcre^e 
when added before lustamme, it seems possible that 
thiocyanate mlubits H+ ion production by 
fermg with the metabohe cham at some pomt past 
that at which histamme acts 

The immediate effect of the thiocyanate was to 
allow the mucosa to let through water m response to 
apphed pressures m a similar way to that under 
anaerobic conditions If there was a pressure 
opposmg secretion then some of the hydrochloric 
acid which had been secreted earher could seep back 

through the mucosa This early phase after the addi- 
tion of lO'^M-thiocyanate ended m 30—46 mm , after 
which secretion contmued at lower but steady rates 

It has not so far been possible to separate experi- 
mentally the secretion of acid and water by oxyntic 
cells, and the evidence at present available suppo^ 
the view that there is a very close connexion between 
the mechanisms by which the acid and the water of 
the histamme-stimulated gastric jmee are secreted 
by oxyntic cells 
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SPECIMEN PROTOCOLS 


(See caloulatlon of results, p 380) 

(1) Bespiraiton and fiurd secretion 

19 April 1948 Nutrient medium phosphate sahne oontammg 0 2 % glucose and 0 001 M-atropme Gas 100 % 0* , CO, 
absorbed by NaOH Histamme added from side arm at 90 mm (concentration m medium after mixmg 5 x 10 m) 
Temperature of bath 26 0° Barometno pressure 761 mm Hg Resultant pressure apphed to mucosa -16 mm Brodie 
solution Dry weight of mucosa 18 6 mg , dry weight of secretmg portion 11 7 mg 

Change of gas volume 


Time 

Change of 
manometer 
readmes 

Change of 
side tube 
readmgs 

At experimental 
temp and 
pressure 

At N T P 

Qo, 

(fiL/mg 

?H,0 

(fd/mg 

(mm ) 

(/J) 

(+1) 

(/J) 

(/^) 

dry wt /hr ) 

dry wt /hr ) 

0 (m bath) 

30-60 

-14 

+ 2 

-12 

-10 

-1 1 

+ 0 3 

90 

-16 

+ 2 

-13 

-11 

-12 

+ 03 

90 (histamme added) 

120 -20 

+ 4 

-16 

-14 

-16 

+ 07 

160 

-26 

+ 7 

-19 

-17 

-18 

+ 12 

180 

-26 

+ 8 

-17 

-16 

-16 

+ 14 


(2) Hydrochlonc acid and fluid secretion 

26 June 1948 Nutnent medium bicarbonate sahne oontammg 0 2 % glucose and 0 001 m atropme Gas 6% CO, +95% 
0, Histamme added from side arm at 45 rmn (concentration m medium after mixing 5 x 10"^ m) Temperature of bath 
26 0° Barometric pressure 760 mm Hg Resultant pressure apphed to mucosa - 36 mm Brodie solution Dry weight of 
mucosa 7 9 mg , dry weight of secretmg portion 6 6 mg = 1 04 


Change of 
manometer 

Time readings 

(mm ) (fd ) 

0 (m bath) 

30-46 - 1 6 


46 (histamme added) 
60 
76 
90 
106 
120 


- 9 

- 8 
-10 
- 8 
- 7 


Change of gas volume 
Change of due to HCl secretion 


Change of 
side tube 

experimental 
temp and 

t 

At expen- 
mental temp 

\ 

Qhci 

ShjO 

readmgs 

pressure 

and pressure 

At N T P 

(/d/mg 

(/d/mg 

(/J ) 



(Ml) 

dry wt /hr ) 

dry wt /hr ) 

+ 06 

-1* 

0 

0 

0 

+ 04 

+ 3 

-6 

-6 

-62 

+ 3 7 

+ 22 

+ 3 

-6 

-4 

-42 

+ 30 

+ 22 

+ 4 

-6 

-6 

-62 

+ 37 

+ 29 

+ 3 

-6 

-4 

-42 

+ 30 

+ 22 

+ 2 

-6 

-4 

-42 

+ 30 

+ 14 


* small uptake of gas before addition of histamme is the resultant of the respiratory exchanges of the mucosa, and 
is subtracted from the volume changes occurrmg dunng each period after the addition of histamme, to give the changes of 
gas volume due to HCl secretion (see Theory of apparatus. Case 3 ) 


(3) Anaerobic glycolysis and fluid transport 

21 June 1948 Nutnent medium bicarbonate sahne contammg 0 2 % glucose Gas 6%C02 + 96%N, Temperature of 
bath _6 O'" Barometno pressure 769 mm Hg Resultant pressure apphed to mucosa + 10 mm Brodie solution Dry 
weight of mucosa 6 5 mg , dry weight of secretmg portion 3 8 mg itco, = 1 04 

Change of gas volume 


Time 
(mm ) 

0 (m bath) 

Change of 
manometer 
readmgs 
(Ml) 

Change of 
side tube 
readings 
(Ml) 

At expenmental 
temp and 
pressure 

(m1 ) 

\ 

At N T F 
(Ml) 

(Mh/mg 
dry wt /hr ) 

{4.?mg 

dry wt /hr ) 

60-75 

90 

105 

+ 3 
+ 6 
+ 4 

+0 5 
+0 6 
+0 6 

+36 
+6 6 
+ 45 

+ 3 6 
+ 67 
+ 47 

+ 22 
+ 36 
+ 29 

+ 06 
+ 06 
+ 06 
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SUMMARY 

1 An apparatm is described which has been used 
to study simultaneously the rates of flmd secretion 
and of respiration by isolated gastric mucosa It 
consists of a constant pressure manometer, a modi- 
fied Warburg cup and a stopper with a graduated 
capiUary side tube (Figs 1 and 2) External 
pressure can be apphed to the mucosa and be kept 
constant or varied at will 

2 Secretion occurred against opposmg pressures 
of at least — 120 mm Brodie solution, and was, 
withm the limits of + 60 mm Brodie solution, m- 
pendent of the magmtude and direction of the 
apphed pressures Neutral red was transported 
across the mucosa against such pressures 

3 On stimulation with 6 x 10~®M-histamme the 
rates of secretion and of respiration mcreased con- 
comitantly 

4 In anaerobic experiments neutral flmd was 


1949 

forced across the mucosa m the direction of the 
apphed pressure This did not occur with non- 
secretmg mucosae under aerobic conditions 

6 Thiocyanate (10 "®m) did not affect the basal 
or the mcrease of the Qq^ which followed stimu- 
lation by 6 X 10~®M-histamme, but strongly m- 
hibited the rate of hydrochloric acid secretion 
Thiocyanate often caused passage of water across 
the mucosa m the direction of the external pressure 
for up to 1 lir before secretion of acid and hquid was 
resumed at lower but steady rates 

6 These results show that the energy for the 
movement of water across acid-secretmg gastno 
mucosa is derived not firom the difference m hydro- 
static pressure between the blood and the gastno 
jmce, but from the aerobic metabolism ofthe oxyntio 
cells 

The authors wish to thank Prof H A Ifrehs, F R S , for 
help and cnticism 


REFERENCES 


Bradford, N M & Davies, R E (1948) Biochem J 42, 

XU 

Crane, E E , Davies, R E & Longmuir, N M (1940) 
Biochem J 40, xxxvi 

Davenport, H W (1940) Amer J Physiol 129, 605 
Davenport, H W <L Fisher, R B (1940) Amer J Physiol 
131, 166 

Davies, R E (1948) Biochem J 42, 609 
Davies, R E & Longmuir, N M (1948) Biochem J 42, 
621 


Davies, REA Temer, C (1948) Biochem J 42, xiu 
Dixon, M (1943) Manomelric Methods, 2n6.ed Cambndge 
Umversity Press 

Feldberg, W , Keilin, D A Mann, T (1940) Nature, Land , 
146, 651 

Gray, J S (1943) Gastroenterology, 1, 390 
Gray, J S , Adkison, J L A ZeUe, K (1940) Amer J 
Physiol 130, 327 

Elrebs, H A & Henseleit, K (1932) Hoppe Seyl Z 210 33 
Ludmg, C (1851) Z ration Med 1, 266 



386 


Globulin Complexes 'with Oestrogenic Acids 

By W HAIJSiyiANN (Gnehm Stiftung Scholar) 
aot) a E wilder smith (Countess of Lisbume Memorial Eellow) 
Gourtavld Imtitute of Biochemistry, Middlesex Hospital Medical School, London, W 1 

{Received 3 May 1948) 


Hanngton and Vns colleagues (Glutton, Harmgton 
& YmU, 1938, Butler, Harmgton & YuiU, 1940) 
started a series of studies on the immun ological 
properties of certam protem complexes containmg 
simple physiologically eictive substances as haptene 
groups They showed that immunization with a 
thyroxme-protem complex produced resistance to 
the action of thyroxme Similarly, immunization 
with an aspnm -protem complex produced resistance 
to the action of asprrm 

We have prepared the globu l i n complexes of 

(а) the 7 -methyl ether of racemic bisdehydro- 
doisynohcacid(7-methoxy-2-methyl-l ethyl-1 2 3 4- 
tetrahydrophenanthrene 2 carboxyhc acid) and of 

(б) the 6-methyl ether of aa dimethyl-^ ethyl- 
allenohc acid (2-(6'-methoxy-2'-naphthyl)-l 1-di- 
methyl n-valenc acid, Horeau & Jacques, 1947) 
with a view to determmmg whether immunization 
with the bisdehydrodoisynoho and the aUenohc acid 
protem complexes will produce resistance to the 
bisdehydrodoisynohc and the allenohc acids them- 
selves, and also to other uncombmed oestrogens 
Expressed schematically, it was desired to discover 
whether unmimization with a globulm complex of 
oestrogemc acid A will confer resistance to the 
action of acid A as well as to oestrogemc acid B and 
other oestrogens It was hoped that such a series of 
experiments would throw hght on the part played 
by ph3^iological properties and chemical constitu- 
tion m the conferment of immunological properties 
on protem complexes 

Tlie method we have used for couplmg the oestro- 
gemc acids with globulm has been that used by 
Butler et al (1940) for couphng acetylsahcyhc acid 
with globulm The chlorides of both acids were 
treated at 0° m aqueous acetone solution with 
sodium azide to give the azides, winch m both oases 
n ere very unstable to heat These were then treated 
intli horse serum globulm imder alkalme conditions 

EXPERBIENTAL 

1 -Methyl ether of bisdehydrodoisynohc 
acid globulin complex 

Chloride of 7 methyl ether of bisdehydrodoisynohc acid 
Tlie racemic 7 methvl ether of bisdehydrodoisynohc acid, 
ni p 229-230°, vas kindly supphed by Dr K Miescher The 
Biochem 1949, 44 


acid chloride was prepared according to Ann er, Heer & 
Miescher (1946) usmg oxalyl chlonde (Staudinger, 1908) 
After two crystaUizations from benzene hght petroleum 
(b p 60-80°), colourless prisms (yield 80% of theory) were 
obtamed, meltmg at 148—149° (Found C, 71 9, H, 6 6, 
a, 11 1 Calc for C,,Hi^0^Cl C, 72 0, H, 6 7, Cl, 11 2% ) 

Azide To a solution of 320 mg of acid chlonde m 18 ml 
of acetone 80 mg (1 26 mol ) ofNaN3m2 5 ml of water were 
added and the clear reaction mixture was kept at 0° for 
3 hr The solution was then diluted with 60 ml of ice water, 
when a very fine white precipitate formed On extraction 
with cold ether, drymg with CaCl,. at 0° and evaporation to 
dryness m Nj under reduced pressure without apphcation 
of heat, 300 mg (94% of theory) of colourless azide were 
obtamed, meltmg sharply at 88° with evolution of Nj The 
azide 18 fairly stable at 0°, but loses Nj on reorystaUization 
from low-bodmg solvents Therefore, the freshly prepared 
crude product was dned m high vacuum for 1 hr and 
analyzed (Found C, 70 4, H, 6 6, N, 13 4 CjpHjjOjNg 
requires C, 70 6, H, 6 6, N, 13 0% ) 

Borse serum ghbvhn solution This was prepared by 
treatmg 600 ml of fresh horse blood according to Reye 
(1911) The globulm solution (190 ml ) was stored m the ice 
chest with a thymol crystal (Found, by micro Kieldahl 
N, 1 00, 0 98% ) 

Couphng of the azide with horse serum globulin To 16 ml 
of the horse serum globuhn solution 10 ml of water were 
added The mixture (0 62 % N) was made alkaline to phenol 
phthalem with 2ii-XaOH, 10 ml of dioxan were added with 
stirrmg and the resulting solution was chilled m the ice 
chest The azide (300 mg , 1 mmoL) was dissolved m 6 ml 
dioxan and added slowly dunng 1 hr to the globuhn 
solution A white precipitate formed On addition of a 
further 16 ml dioxan and 12 ml water most of the precipi- 
tate rediBsolved Throughout the experiment the reaction 
mixture was shaken mechanically and kept a lkaline to 
phenolphthalem by dropwise addition of 0 Ix-NaOH At 
the end of the reaction (4 hr ) 9 7 ml had been used 
(theory requires 10 ml ) The eoUoidal suspension was 
adjusted to pH 3 5 by addition of 2 n-HC 1 when a white 
precipitate formed After keeping at 0° for 1 hr the mixture 
was centnfuged The precipitate was suspended m 20 ml 
of water and dialyzed for 3 days against running tap water 
The complex was now divided mto fractions soluble or 
insoluble at pH 9 The white sludge from the dialysis bag 
was made just alkalme to phenolphthalem with N NaOH and 
shaken for 30 mm The suspension was centnfuged, the 
supernatant solution adjusted to pH 7 0 with n HCl and 
stored m the ice chest with a thymol crystal A 10 ml 
portion of the cloudy solution (70 ml ) was evaporated to 
dryness by freeze drying under high vacuum over 
The white, sohd residue (20 mg ) was ground finely and 
analyzed Yo methoxyl was found Thus the complex 

25 
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required is not appreciably soluble at pH 9 and was present 
m the precipitate 

The white precipitate from the last centrifugal treatment 
was dried m the same manner The white residue contamed 
2 17% OCHj, corresponding to 19 6% 7-methyl ether of 
hisdehydrodoisynohc residue The EDjo m spayed rats 
was about 6 fig usmg the standard techmque employed at 
this Institute (Wilder Smith & Wdhams, 1947) An 
analysis of the original untreated horse serum globulm 
solution showed no methoxyl present 

2 - {Q' -M ethoxy -2' -naphthyl) 1 1 dimethyl 
n valeric acid glohidin complex 

Ghlonde of 2 (6'-meihoxy 2' naphthyl) 1 1 dimethyl n 
valeric acid The acid (1 g , colourless crystals, m p 138- 
139°, kmdly supphed by Dr Horeau) was converted mto 
the chloride by the method of Anner el al (1946), the 
reaction was complete after 20 hr After one recrystaUiza 
tion from hght petroleum (bp 40-60°) 810 mg (76% of 
theory) of and cMande were obtamed m colourless needles, 
mp 63-64° (Found Cl, 117 CigHnOjCl requires Cl, 
116%) 

Azide The acid chloride (300 mg , 1 mmol ) was treated 
with NaNj as descnhed above On evaporation to dryness 
m Nj at 12 mm the azide was obtamed as a colourless oil 
(300 mg ) which sohdified on coohng to - 60° m sohd CO 2 
No chlorme was detectable m the flame test and the sub 
stance decomposed with evolution of gM For oharaoteri 
zation and identification the correspondmg symmetncal 
disubstituted urea was prepared as follows 

NN' Di [2 (6' methoxy 2' naphthyl) 1 1- dimethyl butyl] 
urea The acid chlonde (300 mg , 1 mmol ) was converted 
to the azide as descnhed previously and the reaction 
mixture, contammg the azide and NaCl m aqueous acetone, 
was refluxed on the steam bath Durmg 2 hr , 23 ml of 
Nj (theory 26 mL) were evolved, the evolution of gas then 
ceased The acetone was evaporated OS' at normal pressure 
and ether was added After washing with water, the 
ethereal layer was dned over NajSOi On evaporation and 
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drying imder high vacuum, 260 mg (93% of theory) of 
a residue were obtamed, sohdifymg m colourless needles 
After three crystallizations from hght petroleum, b p 40- 
60°, 185 mg (69 % of theory) of pure substituted urea were 
obtained, m p 72-73° A sample was dned for 3 hr under 
high vacuum at 20° (Found N, 6 13 CjjH^iOjNj requires 
N, 6 18% ) 

Coupling of the azide with horse serum globulin Horse 
serum globulm solution (16 ml ) was diluted with 10 ml 
water and made alkahne to phenolphthalem with 2 n- 
NaOH After addmg 10 ml dioxan the solution was chiUed 
m the ice chest The azide (300 mg , 1 mmoL) was dissolved 
in 5 ml dioxan and added durmg 1 hr to the globulm 
solution with strmng, and the resultmg suspension treated 
exactly as descnhed for the coupling of bisdehydrodoisynohc 
acid azide with globuhn 

The fraction msoluhle at pH 9 was freeze dned and 
analyzed (Found OCH,, 3 67%, correspondmg to 31% 
acid residue ) The EDj,, was found to be about 16 fig m 
spayed rats when tested by the techmque used m this 
Institute CWilder Smith & 'Williams, 1947) 

SUMMARY 

The coupling of the 7-methyl ether of racemic 
bisdehydrodoisynohc acid and of 2-(6'-methoxy 2'- 
naphthyl)-! l-dunethyl-n-valenc acid with horse 
serum globuhn, with a view to the mvestigation 
of the immunological properties of the resultant 
complexes, has been described 

We are very grateful to the Council of the Middlesex 
Hospital Medical School for the provision of laboratory 
facflities for this work One of us ( W H ) wishes to thank the 
Swiss Gnehm Stiftung for a scholarship held for a part of 
the penod du ring which the research was earned out, and 
Prof E C Dodds, F R S , who suggested this problem, for 
a grant 
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Seed Globulins of the Gramineae and Leguminosae 


By C E DANTELSSON, Inshtute of PhysvMl Clizrmslry, Uppsala 
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1 SEED GLOBIJDINS OF TEE MOST COMMON SPECIES OF THE GRAMINEAE 
1 SEED differentiation IN THE SEED 


Tlie globulma m the seeds of different species of 
grasses do not occur m large amounts Tlie foUowmg 
values, taken from Osborne (1909), refer to seeds of 
wheat glutemn, 4 68, gUadm, 3 96, globulm, 0 62, 
albumm, 0 39 , ‘proteose ’, 0 21 % It is evident that 
the globulins comprise only about 6 % of the total 
protem This naturally causes difhculties m carrymg 
out mvestigations smee yields are small 

A very valuable contribution to the knowledge of 
the vegetable proteins was made by Quensel (1942) 
m his mvestigations of the seed globulins of 
barley His method for isolatmg them was based on 
Osborne’s (1909) earher work, and made use of the 
solubility of globulins m dilute salt solutions, and 
their precipitation by ammomum sulphate or by 
dialysis against water 

EXPERIMENTAL AND RESULTS 

General method for the preparation 
of globulin fractions 

Since Quensel’s (1942) method of preparation was followed 
to a large extent m these mvestigations, only a brief 
account will be given here Quensel extracted overnight at 
4“ c 800 g of barley meal with M NaCl, buffered with 
phosphate to pH 7 0 By fractional precipitation of the 
extract with sohd (NHjl^Oi, after clanfymg by filtration, 
three fractions were obtamed By dissolving the precipi 
tates in 0 2ti NaCl, pH 7 0, and subsequent dialysis of the 
solution m a cellophan sac agamst distilled water, the 
globulms were separated from the albumins, low molecular 
and polydisperse material In this way there could be 
obtained from barley seeds three fractions contammg 
varying amounts of four well defined globulms called 
respectivelj a, y and 8, m order of mcreasmg molecular 
weight These components were distributed amongst the 
different finctions m the foUowmg way (1) 16 %* satura- 
tion with (NH^ljSO^, p nch fraction, (2) 40% saturation 
with (NHdjSO^, polydisperse fraction, (3) 70% saturation 
ivith (NH 4 ).S 04 , a , y and 8 nch fraction 

It may be noted here that the 8 component, as shown by 
later investigations, only appeared occasionally m the 
sedimentation diagrams, and then only m small concentra 
tions 

Method of investigation 

Tlus for the most part was based on ultracentnfugation 
(see Svedberg L Pedersen, 1940) In the presentation 
of sedimentation constants, Svedberg umts have been used 

* 100% saturation =760 g (NH 4 )jS 04 /l 


D = 10“^® cm sec dyne'’^) In the diagrams, the dis- 
tance from the centre of rotation is plotted on the abscissa 
and the displacement of the scale divisions (Z) on the 
ordmate To the left is the memscus of the hquid at a 
distance of 6 8-6 0 cm from the centre of the rotor, and to 
the right is the bottom of the cell, about 7 2 cm from the 
centre Smee the displacement of the scale divisions is pro 
portional to the concentration gradient m the cell, the area 
between the ciirve and the abscissa is proportional to the 
concentration Each peak m the diagram corresponds to a 
protem component 




Fig 1 Sedimentation diagrams of barley globulins 
Upper fraction obtamed at 16% saturation with 
(NHjl^SOj Lower 70% saturation In aU the sedi 
mentation diagrams in this paper the abscissae represent 
distance from the centre of rotation (cm ), the ordinates 
represent the scale hne displacement (p ), and sc=dis 
tance from scale (mm ) Time of sedimentation is given 
m mm 

Quensel (1942) found the foUowmg values of the sedi- 
mentation constants for the globulin components isolated 
from barley a=2 49S, ^=6 21S, y=8 30S, 5 = 12 ON 
Althongh he did not sncceed m isolating any of these com- 
ponents separately, he worked out a method for deter- 
mining the molecular weights of different components m 
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mixtures of this kmd The moleoular weight is calculated 

RTs 

from the Svedberg formula M =^—— — i— , where i2=the 

x) (1 rp) 

gas constant, r=absolute temperature, V =partial specific 
volume, density of the solvent, M = molecular weight, 
sedimentation constant and Z) = diffusion constant 
Taking F=0 72 and the above values for s^o together with 
the values of the diffusion constants determined by 
Quensel’s special method (D^=8 4 and £>^=4 4 m 10“’ 
0 g 8 umts), =26,000 and Jl/y = 166,000 The molecular 

weights for p and 8 were estimated from their sedimentation 
constants to be = 100,000 and 300,000 Typical 
sedimentationdiagrams from barley are given m Fig 1 The 
a and y components always appear at the same time m the 
sedimentation diagrams, as mentioned above Quensel 
tried to separate these two components, but this proved 
impossible with his methods, which included electrophoresis 
and centrifugation m an air centrifuge He pomts out that 
no genetical relation between the components could be 
established, and farther that there was no possibihty of 
deciding on the basis of his mvestigations whether or not 
the different components were differentiated m the seed 
itself The last question has been taken for mvestigation 
in this work 


The globulins of Oramineae other than barley 

Smce Quensel’s work only applied to barley it is of 
interest to see m what degree these globulin com- 
ponents are found m other species of the same plant 
family In mvestigations of this pomt the prepara- 
tion scheme of Quensel has been followed, and the 
results wluch were obtamed are given m Table 1 and 


Table 1 Olobuhns of species of Oramineae 


Species 

Hordeum tmlgare 
Secah cereale 
Tntxcum. vulgare 
Arena saliva 
Zea Mays 
Pamcum miliaceum 
Phleum pratense 
Festiica praierms 
Festuca rubra 


Clomponents 


a p y S 

a — y — 

a — y — 

a — y — 

a — y — 


Sedimentation 
constants {S) 


26 62 83 12 0 
26 — 82 — 
26 — 82 — 
2 6 — 81 — 
26 — 86 — 
— _ 86 — 
— _ 82 — 
— — 83 — 

24 — — — 


Fig 2 The mvestigation had to be limited to the 
species occurrmg most commonly m commerce It 
appears that the protem content vanes greatly with 
the different species, and with some species is re- 
markably low This IS particularly true of Phleum 
pratense and the Festuca species, the seeds of which 
are very small, and seem to contam verj'- small 
amounts of reserve protem The preparation of 
globulms from these species is thus difficult and a 
negative result must not be considered as an abso- 
lute sign of them absence Earher work (Skverbom, 
Eamelsson & Svedberg, 1944) has shown that malt 
contains the same components as barley, and the 
sedimentation diagrams from barley and malt are 
identical 


Quensel’s mvestigations showed that the sedi- 
mentation constant of the y component depends on 
concentration, le s = 830 — 06 c, where c is the per 
centage concentration and 8 30 is the sedimentation 
constant at mfimte dilution (c = 0) The values m 
Table 1 have been corrected with the help of this 
equation The concentrations have been obtamed 
partly by measurement of the refractive mdex of the 
solution, and partly by calculation from the sedi 
mentation diagram 

Hordeum vulgare (barley) is unique m this family, 
smce it alone contains the p component, which 
occurs m high concentration Barley is also the 
only species which contams the 8 component, 
although only m low concentration 

The p component has some very interesting pro- 
perties, winch may possibly be connected with 
certam phenomena m the brewmg of heer The rela 
tions are not altogether clear, but it seems possible 
that the p component is part of the precipitate wluch 
IS obtamed on stormg beer m the cold Investigations 
at this Institute show that m this precipitate the 
P component may be combmed with tamuc acid The 
p component is very stable towards many agents 
such as heat and enzymes, and it has been possible to 
show (Saverbom et al 1944) that it survives the 
mashmg process m the production of beer which 
causes degradation of the other protems The p com- 
ponent IS distmgmshed from the other components 
by its content of 1 96 % S, compared vnth 1 65 % 
for the a and y components These protems thus 
differ not only m molecular weight but also m 
chermcal constitution This partly explains the large 
differences on saltmg out with ammomum sulphate 

If these extra components m barley are dis- 
regarded, the different species withm the family 
seem to have, to a large extent, the same seed 
globulins It IS to be noticed that the y component 
18 predommant m the species that have httle reserve 
protem, for example, Phleum pratense and Festuca 
pratensis This is understandable m the hght of our 
experiments, when it was found to occur only m the 
embryo a very small seed with httle reserve protem 
would thus be expected to contam mamly the y 
component 


Differentiation of the components in the seed 

Experiments with wheat The question of the differ- 
entiation of the globuhn components defined by 
Quensel (1942) was partly solved by the work on 
wheat (Skverbom et al 1944) The separation of the 
components was made possible by the fact that, m 
the millin g of wheat, one can separate the embrjm 
from the rest of the seed 

In the commercial millin g of wheat a number of 
different fractions is obtained Only the most mter- 
estmg fractions have been mvestigated here The 
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HorJeum vufgore Phleum protenie 

Whole grain 






Iff - Sedimentation diagrams slioinng the 
different species of the Graniineae The 
Ordinates and abscissae ns m top left 
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results obtained earber from mvestigations on the 
whole gram were compared with those obtamed by 
the same method on the foUowmg fractions (a) bran 
fraction , (6) embryo fractiop , (c) flour fraction with 
husk and embryo removed 

The se dim entation diagrams of the globulins ob 
tamed from the various fractions were practically 
identical with those from barley, with the important 
exception that the /3 component was absent Exactly 
the same sedimentation constants were obtamed 
Only m respect of the concentrations of the a and 
y components could a difference be observed, as can 
be seen from Fig 2 The y component is obtamed 
completely pure from the embrjm fraction, while the 
flour fraction contains considerably more a than y 
Fmally, the bran fraction contains y m much lugher 
concentrations than a Tins fraction contains the so- 
caUed aleurone layer, winch is particularly rich m 
pro tern 8 

Expertments vnth barley In barley, the embryo 
cannot be separated directly by miUmg, but was ob- 
tamed manually by excision with a razor blade The 
two fractions (embryo and residual fraction) were 
mvestigated by the same method as before, usmg 
100 g of embryo and 200 g of residual fraction for 
each experiment Tlie result obtamed was m com- 
plete agreement with the above mentioned experi- 
ments with wheat seed The sedimentation constants 
were naturally identical for both barley and wheat, 
and equal to those obtamed by Quensel (1942) for 
solutions containmg both components 

For barley, the a component occurs entirely m the 
residual fraction except for a low concentration m 
the embryo where it is present probably as a oon- 
tammant, bemg mtroduced along with the residual 
fraction which adheres to the embryo when the 
latter is removed from the seed manually Tlus 
findmg IS m accord with the observation that with 
wheat, as a result of the nearly perfect isolation of 
the embryo by the milling process, the a component 
IS found only m the residual fraction 

The y component occurs only m the embryo 
fraction of both wheat and barley, bemg isolated 
completely pure from wheat and only shghtly con 
tammated with a, as mentioned above, m the barley 
preparation Fmally, the jS component has been 
found only m barley seeds where it is present solely 
m the residual fraction 

The distribution of the different globulm com 
ponents m the seeds of wheat and barley is shown m 
Table 2 and Fig 3 It is of mterest that the protem 
of Inghest molecular weight is m the embrjm, the 
most vital part of the seed It is perhaps premature 
to draw conclusions concemmg the utihzation of the 
proteins m the germination itself and m the forma- 
tion of the j oung plant, but it is conceivable that the 
different components have different functions m 
gormmation The latter causes a large dimmution m 
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the concentrations of these components, and it is 
reasonable to suppose that they are directly broken 
down to smaller units, which can be easily utilized by 
the young plant 

Table 2 DistnbuHon of globult?is iintlnn the wheat 
and barley seed 

Embryo fraction Residual fraction 

A, A 

f S , 

a P y a P y 

lATicat - - -t--f+ - -t 

Barley + - + + -1- -(- + + - 



Fig 3 Diagram showing the localization of the a and the y 
components m seeds of wheat Al, aleurone grams, 
E, embryo 

I^Tiether there exists a biogenetical relationship 
between the globulm components described here is 
very difficult to decide Many attempts have been 
made to degrade m different ways the purified y 
component from wheat embryo m order to find out 
whether the a component can be obtamed as an 
mtermediate product, but without success Ultra- 
sonic vibration had no mfluence on the y component, 
whilst among the proteolytic enzymes, papain 
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catised a very slow but contmuous degradation 
under optimal conditions, and the process could 
easily be followed m the ultracentnfuge No well- 
defined high-molecular mtermediate products have 
been found under any circumstances, leavmg the 
question of a possible relationship between the com- 
ponents unsettled 


(1937) Fig 4 shows the results of the diffusion 
measurements for the pure y component from wheat 
embryo The diffusion constant has been calculated 
by two methods, wluch give the values and 
For a substance havmg ideal diffusion both methods 
must of course give the same value for D The values 
m Table 3 have been calculated from the curves m 


Z 




Fig 4 Diffusion diagrams of the y component of wheat emhiyo A, the curves marked I, II and IH refer to exposures 
taken 29, 49 and 73 hr after the beg innin g of the diffusion process and show the concentration gradient as a fimotion 
of the distance from the ongmaUy sharp boundary between solvent and solution (0) B, the diffusion curves I, n 
and in from A have been transformed to normal co ordmates, marked by small circles The larger onroles and the 
curve correspond to an ideal diffusion curve 2! = displacement of scale divisions 


Determinatwna of the molecular weights 
of the tt and y components 

The methods described above for the isolation of 
the a and y components have been used for the pre- 
paration of pure components for diffusion measure- 
ments In this way a has been prepared from barley 
after removal of the embryo, wlule the y component 
has been obtamed from the wheat embryo 

In the determination of the molecular weight of the 
y component, the concentration dependence of the sedi 
mentation constant must be taken mto consideration In 
this mvestigation the value 8jg=8 7 S at infimte ddution 
was obtamed for the y component of wheat embryo, whereas 
Quensel (1942) found the value 8 30 S, or about 6% less 
for y firom barlej However, m Quensel’s experiments, the 
sedimentation of the y component was disturbed by the 
presence of a, the contribution of which to the viscosity of 
the medium was not known and was accordmgly omitted 
from the calculations The sedimentation constant reported 
here for wheat y is presumably correct smee the prepara 
tion was pure The apparent difference, therefore, m for 
y globuhn from wheat and barley may be merely a result of 
cxpenmental maccuracy 

The diffusion measurements have been made with 
the help of the scale method worked out by Lamm 


Fig 4 There is a steady decrease with time m the 
values for both JD„ and D^, which has persisted 
m later experiments D — 3 6x 10“’ c g s is taken 
as the average 

Table 3 Dgp of the y component 
of wheat embryo 

(D IB given m units of 10"’ c g s at 20° ) 

Diffusion time (hr ) 



29 

36 

49 

67 

73 

Average 


3 72 

3 71 

3 62 

3 41 

344 

3 60 

Da 

3 76 

3 71 

3 67 

3 68 

3 46 

3 62 


Table 4 JD 20 of the a component of barley 
[D IS given m units of 10“'' o g s at 20° ) 
Diffusion time (hr ) 


D„ 

9 

22 

36 

46 

69 

Average 

7 99 

7 64 

7 64 

6 81 

7 08 

7 43 

Da 

7 78 

7 36 

7 34 

6 79 

7 10 

7 27 


From the values 3^ = 8 7 S, D = 3 6 x 10'^ c g s , 
F = 0 72 (Quensel, 1942) and p = 0 9982, the mole- 
cular weight iHy = 210,000 is obtamed This exceeds 
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Quensel’s value by 28 %, the difference being due to 
the fact that we used the isolated and completely 
pure y component, which led to a greater accuracy of 
measurement The values of D for the a component 
of barley are given m Table 4 The agreement 
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between and may be considered satisfactory 
By usmg 8^ = 2 5 S, D=1 10“’ cgs, F = 072 

(Quensel) and p = Q 9982 one gets ilfjj = 29 000, a 
value wluch thus lies very near to that found by 
Quensel 


2 SEED GLOBULINS OF THE LEGUMINOSAE 


The seeds of legummous plants are very rich m pro 
terns, containmg 30-50 % total protem compared 
with 7-10 % for members of the Grammeae It was 
assumed, therefore, that these globuhns would be 
easier to prepare than those of the Grammeae, and 
this proved to be so 

Careful mvestigations of globuhns from peas have 
been carried out by Osborne (1898) Apart from 
elementary analyses, Osborne studied chiefly the 
solubihty and coagulation properties of the glo 
buhns From these latter studies Osborne was able 
to isolate three globuhn fractions from peas 

(1) legumm, does not coagulate on heatmg to 100°, 

(2) vicihn, coagulates on heatmg to 96-100°, soluble 
m more dilute salt solutions than legumm, (3) 
legumehn, occupies an mtermediate position with 
respect to globulins and albumms and is partly pre 
cipitated on dialysis 

In the experiments which will be described, 
Osborne’s method of preparation has mainly been 
used, viz precipitation with ammomum sulphate 
and dialysis Our preparations, therefore, should be 
very s imil ar to those which Osborne analyzed The 
same scheme of preparation has been employed here 
as m the earher experiments on the Grammeae, 
seeds of P'lsuni sativum have been mamly used 

Experimental and results 

The sodium chloride extract of the ground seeds 
was at first precipitated with sohd ammomum 
sulphate at three different degrees of saturation, 
16, 40 and 70% Ultracentrifuge diagrams of the 
three fractions are aU similar, and mdicate two 
components (Fig 6), with sedimentation constants 
about 7 6 and 12 6 jS Smce the different fractions 
contamed the same globuhn components m about 
the same concentration the extract was subsequently 
precipitated duectly at 70% saturation The 
foUowmg scheme of preparation has been used 

Fmely ground seeds are extracted for 1 night at 4° with 
10 tunes their weight of m NaCl, buffered with phosphate to 
pH 7 The solution is then centnfuged, and the extract 
filtered clear Sohd (NH 4 ).S 04 is added with stirrmg to 
70% saturation (532 g of salt/l ) and the precipitate centn 
fuged down It is dissolved m 0 2si NaCl, buffered to pH 7 
After filtration, the solution obtained is dialyzed against 
running water in a cellophan sac After 12-24 hr the 
globuhns have precipitated They are recovered by centn 
fuging, the precipitate is redissolved, and the solution 
dialyzed once more untd precipitation has occurred The 
precipitate obtamed from the second dialysis is dned in 


vacuo over CaS 04 In this way, a yellowish white powder is 
obtained which is very readily soluble m salt solutions at 
pH 7 A buffer with the foUowing composition has been 



6-0 65 7-0 




Fig 6 Sedimentation diagrams showmg the globuhn com 
position m seeds of Pisum sativum upper, 16 % satura 
tion with {NH 4 )jiS 04 , centre, 40%, lower, 70% 

used here 0 2ar NaCl, 0 03si-Na2HP04 , 0 02ii NaH 2 P 04 , 
pH 7 0 This buffer will be referred to as the standard buffer 
The dried preparation can be stored mdefuiitely, and the 
solubihty does not change with time (no change has been 
noticed during 1 year) 
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The yield vanes of course from preparation to pre- 
paration, dependmg on how completely the sub 
stemce precipitates durmg the two dialyses Usually 
a yield of 1 6-2 0 % of the pine components is 
obtamed Peas contam 21 6 % total protein 
(Czapek, 1905) The globulms, therefore, comprise 
about 10 % of the total protem 
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mentation diagram of the 70 % saturation fraction 
from peas 

In order to obtam more rehable values of the 
sedimentation constants, the centrifugations have 
been earned out at different concentrations The 
results are given m Pig 7 Thus, for the component 
with the higher sedimentation constant, no de- 



Fig G Fig 7 

Fig C Seciimentotion diagrams of the fraction obtamed at 70% saturation with (Ptsum sativum) The 

diagrams correspond to exposures taken 20, 35 and 65 mm. after the beginning of sedimentation at 65,000 r p m 

Fig 7 The relation between the sedimentation constants and the concentrations for the two globuhn components m 
seeds from pea ^ 


Inicstigation of pea globulins 
in the nltraccntrifuge 

As shown earlier {Fig 5), tv o components are ob- 
tnuied on iiltracentrifugmg the globuhn fractions 
prepared as above Fig 6 shows a typical sedi- 


pendence of the sedimentation constant on concen- 
tration can be established, mdicatmg that the par- 
ticles are probablynot highly asymmetrical A value 
of the sedimentation constant for this component 
has been obtamed by takmg the average of the 
^alues given graphically m Fig 7, the average of 
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forty values being S 2 o = 12 64 S The sedimentation 
constant for the other component from peas shows, 
however, a distmct dependence on concentration 
The sedimentation constant is usually given for m- 
fimte dilution, i e for zero concentration, and from 
Fig 7 the value Sjo = 8 10 (S is ohtamed 

Attempts to separate the components 

In the experiments described above both com- 
ponents have appeared at the same time m the 
diagrams Experiments to isolate each component 
separately have been carried out m order that mole- 
cular weight determmations could be made 



frO 6-S 7-0 
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buffer and precipitated with 11 0 g of (ISlHjljSO, The 
precipitate was centrifuged off and dissolved m 10 ml of 
standard buffer, after which the solution was dial 3 ized for 
2 days The precipitate obtained was dissolved in 10 ml of 
standard buffer The solution was designated C and m 
vestigated in the ultracentnfuge 

The results of these precipitation experiments 
are seen m Eig 8, which shows that by means of 
fractional precipitation it is possible to obtam the 
heavier globulm component relatively pure The 
method is not, however, sufficientlj^ effective It has 
proved to be very difficult to remove the last traces 
of the hghter component, even if the method of 
separation described above is repeated 





Fig 8 Sedimentation diagrams after fractional precipitation of vicdin and legumin with (NHj)jSO< Top left, mitial 
solution, top right, solution A, bottom left, solution B, bottom nght, solution C (see text) Ordmates and abscissae 
as m top left 


Fractional precipitation with ammonium sulphate The 
following experiment was earned out 12 0 g of (NH 4 )jS 04 
were added to 25 ml of 0 6% pea globnkn solution m the 
standard buffer, with stirrmg The precipitate obtamed was 
dissolved m 8 0 ml of standard buffer (solution A) To the 
centrifugate obtamed above were added an additional 3 g 
of (iSlHdjSOi after which the precipitate obtamed was 
centrifuged down and dissolved in 10 ml of standard buffer 
(solution B) On further addition of salt no more precipita 
tion was obtamed 

Both the solutions, A and B were dialyzed agamst 
distilled water for 2 day s at 4° In this way the globulms 
precipitated quantitatively After centnfugmg down, the 
precipitates were dissolved m 10 ml of standard buffer, and 
investigated m the ultracentnfuge, whilst the supernatant 
fluid from A (9 ml ) was diluted to 25 ml with standard 


Separation by means of dilution with water at 0° The 
behaviour of solutions of pea globulin m standard buffer is 
strongly dependent on temperature On coohng down to 0 
a mdk white suspension is obtamed after about an hour, 
and if the solution is allowed to stand for a day or two at 
this temperature, a dense precipitate is obtamed on the 
bottom of the vessel Prehmmary experiments showed that 
the substance precipitated m this way contamed a relatively 
higher concentration of the heavier component than the 
ongmal solution A method of separation based on the 
above mentioned properties seemed possible However, no 
satisfactory results were obtamed merely by coolmg the 
solutions, but mstead the solutions were diluted with water 
at 0° 10 ml of 1 % pea globulm m standard buffer were 
cooled to 0° and diluted with distilled water at 0° At a 
total volume of 35 ml (25 ml of water had been added) 
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a dense white precipitate was suddenly obtained An cipitates to a considerably greater extent than the 


additional 66 ml of water were added, after which the pre 
cipitate was centnfuged down at 0° m a refiigerator Two 
fractions were obtamed m this way {A) The supernatant 
this was dialyzed agamst water in a cellophan sac at 4” 
After 24 hr the precipitate obtained was dissolved m 
10 ml of standard buffer and investigated m the ultra 
centnfiige {B) The precipitate this was dissolved m 10 ml 
of standard buffer, and the precipitation repeated by the 
addition of 90 ml of water at 0° This was repeated until 
the substance had been precipitated a total of five tunes 
TinaUj% the precipitate was dissolved m 10 ml of standard 
buffer and investigated m the ultracentnfuge 


lighter on dilution at a low temperature The isola- 
tion of the two components is not, however, com- 
pletely satisfactory if it is desired to prepare solu- 
tions for diffusion experiments, and other methods 
must be employed 

Separation by changing the pH Separation expenments 
described earher have made possible the development of a 
new, effective method of separation In a solution con- 
taining mamly the heavier component, prepared by frac- 
tional precipitation with (NH 4 ) 2 SO^ (see Fig 8), the pH was 
slowly lowered At pH 4 6-5 a precipitate was obtamed 





Fig 9 Sedimentation diagrams after separation of wcilin 
and leguiiiin b\ means of dilution at O” Upper, initial 
solution, centre, supernatant, lower, precipitate (see 


The results of the abo\ e precipitation experiments 
are shown m Fig 9 The heaner component pre- 



6-0 6 5 7-0 



Fig 10 Sedimentation diagrams after separation of 
viciiin and legumm by means of pH change Upper 
initial solution, centre, precipitate at pH 4 5 (legumml’ 
lower, supernatant at 4 5 (vicihn) (see p 390 of text) 


un eoin siues ot ttus precipitation range 

hi a solution contammg the hghter component, prepared I, 
dilution with water m the cold (see Fig 9), no precmitatioJ 
occurs at any pH (only the range from pH 3 to 10 has beer 
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investigated here m view of the nak of denatnration) This 
property has given rise to the most effective method so far 
for the separation of the two components A dried pre 
paration, consistmg of a mixture of approximately equal 
portions of the two components, is treated with a large 
excess of buffer of pH 4 6, with sturnng Acetate buffers 
conta inin g 0 2 m NaCl have been used Durmg this pro 
cedure the hghter component dissolves, while the other does 
not After 24 hr the heavier component is centrifuged off 
and dissolved m standard buffer This solution is dialyzed 
agamst water The centrifugate from the above centnfuga 
tion contams the hghter component, and this solution is 
also dialyzed After 1-2 days aU the glob ulin has pre 
cipitated, and the two precipitates are dried m the cold 
On ultracentnfugation of the fractions so obtamed the 
diagrams of Fig 10 are obtamed 

Tins method of separation, based on laoelectnc 
precipitation of the heavier component, is clearly 
the most effective of the three methods described 
here By repeated use of this method the two com- 
ponents have been completely separated from each 
other, which makes possible molecular weight deter- 
mmations of both globuhn components 

Comparison with Osborne's globultn 
components 

By isoelectric precipitation two solutions were 
prepared, one containmg the hghter component and 
the other the heavier Coagulation experiments 
were carried out on these fractions, m order, if 
possible, to obtam some connexion between these 
two components and the globuhn components de 
fined by Osborne (1898) On boihng a solution con 
tammg the heavier component, no precipitate was 
obtamed, 1 e the substance does not coagulate on 
wamung to 100° This component should, therefore, 
consist of legumm, according to Osborne’s defimtion 
On boihng, the component is of course destroyed, 
which IS also shown by ultracentnfugation 

On warmmg a solution containmg the hghter 
component, precipitation is obtamed at 96°, and, on 
boihng, all the protem precipitates The hghter 
globuhn component consists, therefore, of vicihn In 
what follows the two components will be given these 
names Legumm is the component which has a 
sedimentation constant of 12 64 S, while viciLm has 
a sedimentation constant of 8 10 (S' at infinite dilu- 
tion 

As mentioned earher, Osborne has pomted out 
that mcilm is soluble m more dilute salt solutions 
than legumm Tins is also clearly seen from the 
separation experiments by dilution with water at 0° 
It would seem to be proved by this that the globuhn 
components isolated by Osborne, legumm and 
1 icihn, are identical with the globulins from peas 
described m tins paper Notlung correspondmg to 
the legmnelin defined by Osborne has, however, been 
detectable on ultracentnfugation 


Determination of the molecular weight 
of vicilin 

The mitial solution for determmations of D and V 
of vicilm was prepared accordmg to the method 
described earher for the separation of vicdm from 
legumm by isoelectric precipitation of the legumm 
This method was apphed several tunes so that the 
ncilm solution obtamed was completely freed from 
legumm, as was established by ultracentnfugation 
D was determmed accordmg to Lamm’s (1937) 
scale method m a stainless steel cell designed by 
Claesson (1946), but somewhat modified The values 
of £)„ and obtamed after different diffusion tunes 

are given m Table 6 The agreement between the two 

Table 6 Diffusion constant ofmcilin 
{D is given m umts of 10“’ c g s at 20° ) 
Diffusion tune (hr ) 


23 

28 

32 

46 

Average 

444 

4 18 

4 22 

4 30 

4 29 

4 31 

4 20 

418 

417 

4 22 


different methods of calculation is good Takmg an 
average value ofZ) = 4 26 x 10“’ c g s , and an expen 
mentally determmed value of Fjo = 0 762, the mole 
cular weight of vicilm, usmg the value of the sedi 
mentation constant found earher, 8^0 = 8 10 S, and 
p = 0 9982, 18 foimd to be M = 186,000 

Determination of the molecular weight 
of legumm 

The mitial solution for the determmation of D 
and F m the case of legumm had been completely 
freed from vioihn by repeated isoelectnc precipita 
tion D was determmed m the same ceU and m 
exactly the same way as that of vioihn The results 
are given m Table 6 In this case also the agreement 


Table 6 Diffusion constant of legumm 
(D IS given m umts of 10“’ c g s at 20° ) 
Diffusion time (hr ) 


23 

26 

28 

46 

48 

Average 

3 62 

3 67 

3 62 

3 32 

3 42 

3 60 

3 62 

3 39 

3 46 

3 63 

3 63 

348 


between the values of D^^ and is very good, mdi 
catmg a high degree of monodispersity For the 
calculation of the molecular weight of the legumm 
the values used were Z) = 3 49 x 10“’ c g s and 
^20 = 12 64 (S' F was determmed, as m the premous 
case, by Prof C Drucker, who obtamed the 
value F2g = 0 736 With the value p = 0 9982, the 
molecular weight for legumm is found to be 
111=331,000 
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Occurrence of vvyilin and legumin rn different 
species of the Leguminosas 

Tho experiments described, earber to isolate seed 
globulins from different species of tbe Grammeae 
supported tbe ■working hypotbesis tbat closely 
related plants contain tbe same typ>es of protem 
A furtber confirmation of tins bypotbesis seems to 
be gi'ven by the foUo'wmg m'vestigations on different 
species of the Legununosae 

Experiments to isolate the globulins from seeds of 
different Legununosae ba've been earned out m 
exactly tbe same way for aU tbe species Owmg to 
the difficulties m obtauung a sufficient amount of 
seed of some of tbe species, the amount of mitial 
substance has vaned between 3 and 10 g Tbe pro- 
portion of amount of extraction buffer to amount of 
seed has been kept constant throughout The scheme 
of preparation has been the same as m the expen- 
ments described earber for the isolation of ■vicihn 
and legumm from peas, Pisum sativum, whereby a 
solution contammg both components is obtamed 

Table 7 Sedimentation constants of the globulin 
components of various Leguminosae 


(Results m Svedberg umts ) 


Acacia alata 

1 25 

7 90 

11 63 

— 

A dectpiens 

— 

8 02 

12 70 

— 

A Farnesiana 

— 

8 04 

— 

— 

A longifolia 

2 72 

7 69 

— 

18 04 

A penntnervis 

146 

7 39 

— 

18 75 

A saligna 

— 

7 76 

13 67 

— 

A verticillata 

— 

7 77 

— 

— 

Araclns hypogaea 

1 93 

8 40 

13 05 

— 

Astragalus galegiformts 

— 

8 33 

13 17 

— 

Cytisua Laburnum 

— 

8 08 

14 02 

— 

C siipmus 

1 84 

8 03 

13 38 

— 

Dohehos Lablab 

. — 

7 33 

11 66 



Ervum Lens 

— 

7 25 

13 18 



Genista Inictona 

— 

8 54 

13 34 

20 31 

Glycine Soja 

— 

7 97 

13 06 



Lathyrus Clymenum 

— 

7 65 

13 00 



L odoratus 

— 

7 64 

12 00 



L satit us 

— 

7 46 

13 04 



L silvestris 

— 

7 48 

12 97 



Lotus Tetragonolobus 

— 

8 32 

13 07 



Lupinus albiis 

— 

8 24 

12 29 



L angustifolius 

— 

8 20 

13 05 



L luteus 

- — 

8 30 

11 63 


L polyphyllus 

- — 

8 69 

12 20 

V 

Mcdicago satna 

- — 

6 77 

11 41 


Pliaseohis coccuiens 

4 29 

7 39 

12 16 


P nanus 

- — 

6 65 

10 10 


P iidgaris 

4 87 

7 26 

11 02 


Pisum satiiinn 

— 

8 10 

12 64 


Trifolium hybridum 

- — 

7 66 

12 90 


T pratense 

— 

7 09 

11 22 

_ 

T repens 

— 

7 27 



18 20 

1 icia Faha 

1 satira 

— 

7 12 

11 80 


— 

7 09 

11 91 




As follo'o's from Table 7 and Fig 11, ^acihn and 
legumm occur in the seeds of practically all the 
epocies m\cstigated of the Leguminosae Tlie most 


important exceptions are a few Acacia species 
(A longifolia, A penninerms, and A verticiUaia) In 
these ^ecies, legumm is absent, while m the other 
four Acacia species it has been possible to isolate 
legumm, even although m rather small quantities 
On comparmg AcaciEie "with the other species of the 
Legununosae it is seen that the former hold a "muque 
position m this frimily , they are, m fact, sometimes 
considered as a subfamily "withm the Legununosae, 
and this may be j'ustified to a certam extent by the 
protem composition of the seeds Furthermore, it 
has not been possible to isolate legumm from the 
seeds of Tnfolium repens However, this apparent 
absence of legumm may simply result from diffi- 
culties m prepeiration, smee the various Trifolium 
species are relatively poor m proteins 

It IS seen from Table 7 that m some cases globuhn 
components have been isolated ■with a sedimentation 
constant of Sj,, 2 jS These components probably 
constitute a degradation product of legumm 
According to mvestigations, as yet unpublished, a 
component of globuhn nature "with a sedimentation 
constant of 1 9 S is obtamed by dissol^vmg legumm 
m a buffer of pH 3 The same component is obtamed 
from legumm by protracted heatmg at 100° In 
some cases, a component of « 18 (S has also been 
obtamed, though always in very low concentration , 
it IS found m Pisum sativum, but it has not been 
possible to separate it from vicdm and legumm 
Whether it exists m the seeds, or results from com- 
plex formation between •vicihn or legumm, is not yet 
clear Experiments to answer this question seem, 
however, to mdicate the latter possibihty 

It IS also mterestmg to compare the relative con- 
centrations of ■vicilm and legumm m the different 
species Closely related species have approximately 
the same relative concentrations of the two com- 
ponents In the various Lathyrus species, for ex- 
ample, legumm always predommates, as is also the 
case for the two Vicia species mvestigated These 
two genera are, of course, botanically very near to 
each other In the various Lupinus species it is 
the ■vicihn which is m grea'ter concentration, and 
this also applies to the Phaseolus and Trifolium 
species 

If one specially considers Vicm sativa it is seen 
from the sedimentation diagram that ■^aefim is 
found m somewhat lower concentration than legu- 
mm Tins IS contrary to the conception of Osborne 
& Campbell (1898), accordmg to whom ■vicihn should 
be completely absent from this species 

In order to obtam more accurate values of the 
relative concentrations of ■vicihn and legumm, a new 
method is bemg developed for determmmg the con- 
centrations of these components m solutions con- 
tammg both, based on the fact that legumm contains 
about five tunes more tryptophan than vicdm By 
measurmg the absoiption m the ultraviolet, the 
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Acacia alata 

A deciplens 

A farneslana 


A longifolla 


sc 60 


A pennlnervls 


sc BO 


A vtniclllota 


sc 60 


Afachls hypogoea 


se 60 


Astragalus galiglformls 




Cytlsus suplnus 


sc 60 


Dollchos lablab 


sc 30 


Ervum Uns 


sc 60 


Fig 11 a-c Sedimentation diagrams showing the composition of globuhn solutions prepared by o\traction of seeds 
from different species of the Legummosae Ordmates and abscissae ns m top left 
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L angustifollus 



Lathyrut Oymcnum 




L polfpbyllus 



Phaseolus coccineus 



P nonui 





Mtdicago sativo 



Pig 116 For legend see p 398 
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relative concentrations of vicilin and legunnn can be components have been isolated Different methods 
determmed The results "will be published m a later have been developed for the separation of these 
paper components, -which are identical -with vicilin and 



6-0 frS 70 






Fig 11c For legend Isee p 398 



SUMMARY 

1 The seed globuhns of nme different species m 
the fanuly Granuneae have been mvestigated Two 
well defined globuhn components, a and y, were 
isolated The a component was found m six and the 
y component m eight species Seeds of barley contam 
two other components, (8 and 8, which were not 
found m any other species of this family 

2 These components occur m different parts of 
the seed itself Investigations on different fractions 
from seeds of wheat and barley have shown that the 
y component alone occurs m the embryo fraction and 
the a component m the residual fraction The husk 
fraction contains y m higher concentration than a 

3 Determmations of the molecular weight of 
the purified components have given the values 
M = 29,000 for a and M = 210,000 for y 

4 From the pea, Pisum sahvum, two globuhn 


legumin, first defined and mvestigated by Osborne 
(1898, 1909) 

6 The molecular weight of -vucibn was found to be 
186,000, and that of legumm 331,000 

6 The seed globulins from thirty four different 
species m the family Legummosae have been mvesti- 
gated Vicdm and legumm were found m all, except 
m some Acocmi species and m Tnfohum repens 
In a few cases degradation products and complex 
compounds of these components have been isolated 

7 These investigations seem to confirm the 
hypothesis that closely related plants contam the 
same seed globuhns 

The author -mshes to thank Prof Svedberg for the great 
and Btimnlatmg interest -vrlnoh he has shown in this work, 
and for the pnvilege of working in his laboratory The 
e-^penses connected with these investigations were defrayed 
by the AP Stookhohns Bryggener and the Rockefeller 
Foundation 
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Carotenoids of Loquat (Eriobotrya japonica Lindl.) 

By J C SADANA, The Ghermcal Laboratories, Council of Scientific 
and Industrial Research, Delhi, India 


(Received 1 October 1948) 


The pigments of loquat {Enobotrya japonica) do 
not appear to have been mvestigated heretofore 
Loquat is a valued subtropical fruit and is grown 
abundantly m Nortbem India either from seed or 
from grafts It is yellow or orange, 3—7 cm long 
with a thm skm and havmg one to five (commonly 
tliree) seeds separatedby membranous dissepiments 
The fimt is pear shaped and ripens towards the end 
of the cold season 

After saponification of the fruit pulp, a colon - 
metric analysis of the total extract gave gross caro- 
tenoid values which varied from 6 1 to 66 6 pg /g 
After a chromatographic separation, the true )3- 
carotene content was found to be only 36-60 % of 
the total pigments From the carotene fraction, 
tliree other pigments besides p carotene were iso- 
lated, one of which was cryptoxanthm and the other 
two were stereoisomers of ^-carotene, viz neo ^- 
carotene U (adsorbed just above the ^ carotene 
zone) and neo-jS-carotene B (adsorbed below the ^- 
carotene zone) The hypopliasic pigments have all 
been classed as xanthophylls other than crypto- 
\antlim 

EXPERBIENTAL 

An accurately ■weighed amount of the pulp of the fresh fruit 
(6-C g ) -was thoroughly ground -with chemically pure -white 
sand under methanol The ground matenal -was quantita- 
tively transferred 'to a digestion flask, and saponified m the 
cold -with 100-125 ml of concentrated methanoho KOH 
until continuous agitation to facihtato thorough digestion 
The saponified mixture was filtered, and the residue ex 
tracted alternately -with light petroleum (b p 40-60°) and 
methanol tiU the washings were colourless Distdled water 
(100 ml ) was then added to the combmed light petroleum 


and methanol fractions in a separating funnel and shaken 
gently After complete separation of the two layers the 
methanoho solution was dra-wn off and treated -with a fresh 
portion of hght petroleum in a separating funnel This 
process was contmued until all the carotenoid pigments 
were transferred to light petroleum The combmed hght 
petroleum fractions were washed free from soaps and alkah 
with distilled water The first washings were re extracted 
■with hght petroleum and returned to the prmoipal extract 
Xanthophylls were separated by repeated extractions -with 
90 % (v/v) aqueous methanol The methanol fraction was 
distdled under reduced pressure m an atmosphere of Nj 
The residual pigment mixture was taken up m hght 
petroleum and the amount present was determined colon- 
metncally The epiphasio pigments were washed -with 
distdled water to remove the last traces of methanol and 
dned over anhydrous Na^O^ The extract was concentrated 
to &-10 ml under reduced pressure m the presence of Nj 
A few crystals of qumol were added before concentration to 
prevent oxidation The solution containmg the pigments 
was passed through an adsorption column of activated 
alumina (obtained from Scientifio Supphes (Bengal) Co , 
Ltd ) The chromatogram was developed by a hght petro- 
leum-benzene mixture (1/1, v/v) The alumma column was 
cut to separate different coloured zones, and each portion 
was eluted with petroleum ether contammg 2-3% (v/v) 
ethanol, and made up to volume The pigments m the 
eluates were determmed colonmetncedly usmg 0 04 % 
K 3 Cr 207 as standard 

For the study of absorption spectra, the separated pig- 
ments were purified by two chromatographic adsorptions 
The absorption spectra of the purified pigments were 
studied m hght petroleum usmg a Hilger Nu-ttmg visual 
spectrophotometer The pigments constituting the different 
zones were as follows 

Zone I This was -wide and orange yellow in colour 
The pigment was extracted and shown to be identical 
■with cryptoxanthm (maxima m hght petroleum, 483 and 


Table 1 Carotenoids of loquat (Enobo-brya japonica Lindl ) 


(The figures denotmg the pigment content refer to pg /g of the fresh front pulp ) 


No Vanety 

1 Pale -yellow 

2 Yellow 

3 Orange veUow 

4 Palo orange 

5 Orange 

6 Deep orange 

Biochem 1949, 44 


Sum of 
mdiTidual 
pigments 
(Pg /g ) 

5 1 
58 
10 6 
35 7 
37 0 
56 5 


Xanthophylls 
other than 

cryptoxanthm Cryptoxanthm 



(% of 


{% of 

(pg /g ) total) (pg /g ) total) 

1 4 

27 4 

1 1 

21 6 

1 8 

31 0 

1 0 

17 2 

32 

30 5 

24 

22 8 

39 

10 9 

66 

15 7 

66 

17 8 

12 5 

33 8 

47 

83 

11 6 

20 5 


Neo f 

carotene U p carotene 



(% of 


(% of 

(pg /g ) total) (pg /g ) total) 

— 

— 

21 

41 2 

03 

52 

23 

39 6 

— 

— 

4 1 

39 0 

1 8 

50 

20 8 

58 2 

09 

24 

13 5 

36 6 

16 

28 

33 7 

59 6 


Xco f 
carotene B 

^ , 

(% of 
(Pg /g ) total) 
06 9 8 

04 69 

0 8 7 6 

3 6 10 1 

35 94 

49 87 


26 
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450 6 m/x ) since it yielded a single band on mixed chromato 
graphy with oryptoxanthin obtamed from yellow maize 
(Sadana, 1946) 

Zone II This was an orange coloured band The pigment 
was identified as neo ^ carotene U (maxima m hght 
petroleum 480 and 450 m/i , Sadana, 1949) 

ZoTie III This was reddish orange m colour The pig 
ment was extracted and identified as )3 carotene by its 
absorption spectrum (maxima m hght petroleum 482 and 
462 mfj. ) 

Zone IV This was a brownish yellow band The pigment 
was extracted and identified as neo ^ carotene B (maxima 
m petroleum 470 and 443 m/i.) It yielded a smgle band on 
mixed chromatography with neo )3 carotene B prepared by 
HCl treatment of )3 carotene (Sadana, 1949) 


1949 

Results of analyses of six varieties of loquats 
varying in colour from pale yellow to deep orange 
are shown in Table 1 

SUMMARY 

Pigments separated chromatographically and identi 
fied from different varieties of loquats mclude, 
besides ‘xanthophylls other than oryptoxanthin’, 
cryptoxantlun, )3 carotene, neo )3-carotene U and 
neo-)3-carotene B Among the pigments present, 
cryptoxantlun and )3 carotene are the prmcipal ones 
formmg 16 7-33 8 and 36 6-69 6 % of the total 
pigments 
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Improved Separation of Sugars on the Paper Partition Chromatogram 
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Our object has been to develop methods for the 
quantitative analysis of the rmxtures of sugars 
present m the polysaccharides of the ceU wall of 
fruits, these mixtures frequently mclude glucose, 
galactose, xylose, mannose and arabmose, as well as 
galacturomo and glucuromc acids The work of 
Partridge (1940, 1948) has demonstrated the 
effectiveness of the paper chromatogram as a means 
of separating reducmg sugars, whilst the work of 
Hirst, !ones & Flood (1947) and Hawthorne (1947) 
has shown that the amounts of sugars can be 
estimated within ± 6 % once they have been separ 
ated on the paper chromatogram 

It was found m pre limin ary experiments that 
none of the solvents previously used m this 
work was m fact capable of separatmg aU the 
sugars known to be present m the rmxtures under 
mvestigation A large number of solvents was then 
mvestigated, and this study led not merely to the 
development of two new solvents havmg the re 
quired specificity, but also to a more selective 
method of operatmg the paper partition chromato- 
gram The new method mvolves the use of solvents 
m winch sugars give Rp values of about 0 2 Under 
such conditions the seleotl^aty defined m terms of 
the ratio of the Rp values for the pair of sugars to be 
separated is much improved Separation of sugars 
with such low Rp values would need exceedmgly 
long papers if run m the normal maimer, but by 
allowmg the solvent to dnp off the end of the paper 


the difficulty has been avoided Solvents are chosen 
which have a low viscosity so that the solvent flows 
quickly through the paper 

To obtam solvents which give Rp values about 0 2 
for any particular pair of sugars, it is convement to 
use tliree component systems so that the partition 
coefficient, and with it the Rp value, can be adjusted 
to the desired value Such solvents have been used 
previously by Martm & Synge (1941), Isherwood 
(1946) and Partridge (1946, 1948) Usually two of 
the components are immiscible whereas the third is 
miscible with either of the other two By varying 
the amount of the third component it is possible to 
adjust the partition coefficient over a wide range 
The two new solvents, ethyl acetate pyridme water 
and ethyl acetate acetic acid-water are mixtures 
of three components and m addition have a low 
viscosity 

EXPERIMENTAL 

Apparatus The apparatus was similar to that described 
by Partridge (1948) The mam difference was that a small 
hole was bored through the hd of the chamber immediately 
above one end of the stamless steel trough so that a pipette 
could be mserted to dehver solvent to the trough The hole 
was normally closed with a tight fitting bung Whatman 
no 1 filter paper was used for the strip chromatograms, one 
end being cut to a pomt to facditate even dramage when the 
solvent front had reached the bottom and was dripping 
from the paper The sugar solutions used were roughly 
1 % (w/v) with respect to each mdindual sugar and were 
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appbed to the paper with a micropipette (3-7 fil ) so that the 
size of the spots could be standardized The whole apparatus 
was kept in a constant- temperature room at 20° ±0 26°, as 
it was found that changes in temperature altered the J?/. 
values for the sugars in an irregular manner, especially if the 
critical temperature of the mixture of solvent and water 
was close to that of the room 

Reagents The phenol and s colhdme were purified as 
described by Partridge (1946, 1948) The sec -butanol was 
purified by distdlation through a vacuum-jacketed firaction- 
atmg column, the middle third of the distillate bemg used 
for the paper chromatograms This fraction had a constant 
bodmg pomt isoButync acid was treated sinularly The 
cntical temperature of a mixture of the purified tsobutync 
acid and water was found to be 24 3° The accepted figure is 
24 5° 

Solvents which contamed only one component besides 
water were equihbrated agamst water at 20° In the case of 
solvents contauung three components, defimte volumes of 
each component were mixed and when equihbnum between 
the two phases that resulted had been attained, the non 
aqueous phase was separated and used as solvent without 
further treatment 

Procedure The spots of sugar solution were added to the 
paper from a micropipette (3-7 /xl ) m a simUar manner to 
that descnbed by Hawthorne (1947) The papers were 
allowed to dry, and were then hung from the trough m thd 
chamber, no solvent bemg present Sufficient of the non 
aqueous and aqueous phases was now added to the bottom 
of the chamber to ensure that the papers would reach 
equihbnum with the solvent The hd was placed m position 
and the apparatus left overnight After this preliminary 
equihbration the bung was removed from the small hole m 
the hd, and solvent added to the trough from a pipette, 
care bemg taken to avoid loss of the vapour from inside the 
chamber The bung was then replaced The subsequent 
treatment of the papers follows closely that descnbed by 
Partndgo (1948) 

RESULTS 

Variation of Rp value with solvent 

Results for rhamnose, xylose and glucose are re- 
corded m Table 1 These sugars were chosen because 
they w ere conveniently spaced withm the range of 
Rp values obtained for the simple sugars The 
soh ent front was not allowed to run off the paper 
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These results showed that the absolute Rp values 
were directly dependent upon the molar fraction of 
water m the non-aqueous phase They also showed 
that, as the molar fraction of water m the non- 
aqueous phase decreased, the ratio of the Rp values 
for the pairs of sugars approached a defimte maxi- 
mum. For prewitical purposes this maximum was 
reached when the Rp values were less than 0 2, 
which meant that the possihihty of separatmg two 
similar sugars mcreased as the absolute Rp values 
were reduced to 0 2 A paper chromatogram oper- 
ated under this restriction did not give a sufficient 


separation of the sugars if the solvent front remamed 
on the paper because the distance between the 
centres of the spots was often not more than 1-2 cm 
However, if the solvent front was allowed to run off 


the paper so that the spots moved 10-20 cm then 
the distance between the centres mcreased to 


6-10 cm 


Separation of the sugars 


From the precedmg paragraph it appears that the 
best conditions for the separation of the sugars are 
when the Rp values are less than 0 2 and the solvent 
front IS allowed to run off the end of the paper so that 
the spots move 10-20 cm The mam drawback is 
that the time required for the spots to move apart 
on the paper can be considerable if the solvents used 
have a high viscosity, e g ci/cZohexanol It is 
essential, therefore, to use solvents which have a low 
viscosity m order that the solvent front may move as 
qmckly as possible A comparison of the viscosity of 
various solvents with the rate of movement of the 
solvent front is given m Table 2 The viscosities 
given are those for pure hqmds while the velocity of 
the solvent front is for the same liqmd saturated 
with water Tlie mfluenoe of viscosity on the separa- 
tion of the sugars has been calculated by combmmg 
the figures for the velocity of the solvent front 
with the Rp values given m Table 1, the assump- 
tion bemg made that the rate of flow of solvent 
through the paper and the Rp value remam con- 
stant 


Table 1 Variation of Rp values of sugar with solvent at 20° 


Soh ent 

Eth\ 1 ncctate 
Slothil ncetatc 
Methi 1 ethi 1 ketone 
Benzi 1 alcohol 
cydoHoxnnol 
in Cresol 
11 Bvitanol 
tcrt -Ann 1 alcohol 
Phenol 
Quinohne 
Butanol 
I’oButi nc acid 
s Collidine 


Water in non aqueous 
phase 

SIol fraction 

0132 
0 209 
0 305 
0 387 
0 432 
0 471 
0 508 
0 609 
0 068 
0 680 
0 707 
0 778 
0 846 


Rhamnose 


Rp value 

A 

Xylose 

0 00 
0 04 
0 05 
0 06 
0 06 
0 15 
0 125 
0 245 
044 
0 31 
0 31 
044 
0 50 


Glucose 

0 00 
0 00 
0 0026 
0 03 
0 03 
0 07 
0 07 
0 145 
0 39 
019 
0 26 
0 37 
044 


Rp Rhamnose Rp Xylose 
Rp Xylose Rp Glucose 


26-2 
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Table 2 Calculated distance the centre of a sugar spot should move in 24 hr for different solvents at 20° 




Velocity of 
solvent front 
(cm /hr ) 


Distance (cm ) 




Solvent 

V 

(Centipoises) 

r 

Solvent front 

Rhamnose 

Xylose 

Glucose 

Methyl acetate 

0 38 

12 

288 

21 6 

11 6 

00 

Ethyl acetate 

0 46 

10 

240 

24 

00 

00 

Methyl ethyl ketone 

0 43 

10 8 

268 

266 

12 9 

64 

Water 

1 0 

3 75 

— 

— 

— 

— 

woButyno acid 

1 3 

2 26 

64 

27 6 

23 7 

19 9 

n Butanol 

3 0 

26 

62 

13 6 

7 8 

44 

sec Butanol 

3 7 

26 

62 

26 6 

19 2 

16 2 

tert Amyl alcohol 

47 

1 26 

30 

9 6 

7 3 

43 

Benzyl alcohol 

6 8 

1 6 

38 4 

42 

2 3 

1 1 

Phenol 

11 7 

1 6 

36 

21 2 

16 8 

14 1 

m Cresol 

20 0 

1 1 

26 6 

7 1 

40 

1 8 

cpcZoHexanol 

68 0 

0 66 

16 6 

23 

09 

04 


Table 3 Separation of sugars using three component solvents 
Mixture prepared Movement of the centre of tlie sugar spot from the startmg point (cm ) 


(m vols ) 

Non aqueous phase 
used as solvent 

Duration 
of teat 
(hr) 

f 

Rhamnose 

Xylose 

Arabmose 

Mannose 

A 

Pnictose 

Glucose 

4 

Galact- 

Gnlactose uronic acid 

tert Amyl alcohol 
Water 

Acetic acid 

3 

3 

1 

^ 20 

1 

8 6 

70 

64 

69 

69 

46 

4 1 

32 

Benzyl alcohol 
Water 

Acetic acid 

?J 

|- 22 

12 8 

78 

76 

6 7 

72 

47 

46 

26 

Chloroform 

*Water 

Methanol 

4 

4 

7 

1 

► 24 

1 

28 6 

23 3 

20 6 

18 6 

19 3 

16 3 

16 9 

66 

Ethyl acetate 
♦Water 

Methanol 

16' 

16 

9 ] 

l 

66 

64 

47 

38 

40 

32 

31 

1 1 

Ethyl acetate 
Water 

Pyndme 

2] 

22t 

37 9 
(0 49) 

33 6 
(0 38) 

29 2 
(0 33) 

28 9 
(0 32) 

28 4 
(0 32) 

26 0 
(0 28) 

20 9 
(0 236) 

67 

(0 026) 

Ethyl acetate 
Water 

Acetic acid 

'>1 

39t 

28 

(0 34) 

26 3 
(0 265) 

20 6 
(0 22) 

17 6 
(0 195) 

— 

14 3 
(0 17) 

12 4 
(0 14) 

12 0 
(0 13) 

Ethyl acetate 
♦Water 

2 

2 l 

[ 14 

30 1 

26 2 

22 4 

22 4 

21 3 

20 8 

17 7 

61 


Dioxan 3 ) 

* These mixtures only just formed two phases, and as the presence of the sugar markedly mcreased the mutual solubdiiy 
of the two phases, the spots ‘ tailed ’ badly The separation between the sugar spots was, therefore, less than the figures 
suggest 

■f iJj? values are given m parentheses 


In practice the separations achieved are much less 
than IS shown m Table 2, the mam reason hemg that 
when the solvent commences to drip from the end of 
the paper, the rate of flow of solvent is reduced to 
about half the mitial value The relative separations, 
however, remam substantially the same, though 
they do not entirely correspond to the values 
measured when the solvent front is still on the 
paper The explanation probably lies m the fact 
that the distribution of the solvent throughout 
the paper strip is modified if hqmd accumulates 
at the bottom (cf Consden, Gordon & Martm, 
1944) 

None of the solvents listed m Table 2 is ideal One 


or two give excellent separations of the pentoses, 
but do not give an appreciable separation of the 
hexoses m a convement time (24 lir ) The addition 
of a third component wluch is soluble m hoth phases 
will tend to mcrease the soluhihty of hexoses m the 
non-aqueous solvent and thereby mcrease their 
values The separation of the pientoses will be re 
latively less affected Tlie results obtamed with a 
number of three component mixtures are given m 
Table 3 

Of these mixtures ethyl acetate -pyndme water 
and ethyl acetate acetic acid-water were selected as 
they fulfilled the requirements for which this work 
was undertaken 
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Aixalysis of mixtures of sugars 

In a mixture contammg arabmose, xylose, glu- 
cose, galactose, galacturomc acid, and mannose, it 
•was possible to detect all the components with 
certamty usmg one or other of the above solvent 
mixtures Of these sugars arabmose could not be 
distmguished from mannose m ethyl acetate- 


or by the method described by Hawthorne (1947) 
We preferred, however, a combmation of the two 
methods A known amount of the sugar solution 
was added to the paper from a mioropipette 
(Hawthorne, 1947), and then the sugars separated 
and isolated foUowmg the method described by 
Hirst etal (1947) Analysis of four naixtures by this 
method IS given m Table 4 


Mixture 1 
Xylose 
Arabmose 
Mannose 
Glucose 
Galactose 

Mixture 2 
Xylose 
Arabmose 
Glucose 
Galactose 
Galacturomc acid 

Mixture 3 
Xylose 
Arabmose 
Glucose 

Galacturomc acid 
Mixture 4 
Xylose 
Arabmose 
Glucose 

Galacturomc acid 


Table 4 

Amount 

Analysis of mixtures of sugars 

Amount recovered (fig ) 


/ 





added 


Individual experiments 



/ /i(r \ 



A 


Mean 

\t^ 1 

r 




68 6 

616 

70 4 

74 0 

67 2 

67 0 

68 6 

77 4 

71 3 

67 8 

67 9 

71 1 

68 6 

69 4 

76 4 

67 3 

66 6 

69 4 

68 6 

67 9 

69 1 

77 6 

66 3 

67 6 

68 6 

74 4 

68 9 

66 6 

71 8 

70 4 

68 6 

710 

66 4 

• 76 0 

68 1 

701 

68 5 

68 0 

69 4 

741 

70 4 

70 4 

68 6 

75 4 

71 1 

66 8 

641 

69 3 

68 6 

74 6 

61 9 

77 1 

65 2 

69 8 

68 6 

63 2 

86 8 

74 2 

73 6 

74 2 

212 

222 

216 

217 

211 

216 

24 0 

26 6 

29 2 

30 1 

201 

26 4 

439 

433 

428 

421 

426 

427 

44:3 

39 4 

46 1 

41 8 

447 

43 0 

19 0 

19 8 

18 4 

21 0 

23 4 

20 7 

414 

416 

391 

421 

400 

406 

39 8 

33 9 

45 3 

421 

38 4 

39 9 

204 

208 

200 

210 

214 

208 


pjmdme -water, and galactose and galacturomc acid 
could not be separated m ethyl acetate -acetic acid- 
water If a pair of sugars had very different Ej, 
values separation was completed very rapidly Tims 
V ith ethyl acetate pyridme-water a nurture of 
glucose and xylose was completely separated m 2 hr 
If only a small proportion of one sugar was present 
it Mas advantageous to work mtli a concentrated 
BoUilion though the more concentrated the solution 
used the larger the spot after development Tlie use 
of concentrated solutions was possible with the 
Bohents described above because the distance 
botM een the centres of the sugar spots was 3-5 cm 
Thus, usmg ethyl acetate-acetic acid-Mwter as sol- 
\ent, mannose nas identified m the presence of 10 
times its concentration of glucose and JOO tunes its 
concentration of xjdose Tlie total concentration of 
sugars 111 the solution used for makmg the spot was 
-0 % (M /i ), and the diameter of the xylose spot after 
the chromatogram was de\ eloped was 4-5 cm 
Quantitatne nnnhsis of the sugars on tlie paper 
oliromntogram after they had been separated wmg 
01 her of f hose soh cuts m as earned out successfuUy 
either b% the method described Hirst e/o/ ( 1947 J 


Mixture 1 was separated usmg ethyl acetate - 
acetic acid-water as solvent The tune required for 
the separation of the sugars was 48 hr Mixtures 2 , 
3, 4 were separated usmg ethyl acetate -pyridme- 
water as solvent In the case of mixtures 3 and 4 the 
composition of the solvent was shghtly modified, the 
components bemg m the ratio of 6 , 2 , 6 instead of the 
ratio of 2, 1,2 respectively as described m Table 3 
The modified solvent gave shghtly better separa- 
tions than the ongmal The papers were dned at 
room temperature overnight because it was found 
that drymg at the usual temperature of 60-100° m 
the presence of pyndme appeared to destroy a large 
part of the sugar present 
Mixtures 3 and 4 are examples of the separations 
achieved when some of the sugars are present only m 
small proportions 


Hwe consider the separation of the sugars after they 
have moved a defimte distance down the paper 
chromatogram we find that the best separations are 
obtained with solvents which give values less 
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than 0 2, the solvent being allowed to nm off the end 
of the paper This observation is in agreement with 
predictions which can be made by applymg to the 
paper chromatogram the equation first deduced by 
Martm & Synge (1941) for the relation between the 
complete separation of two solutes (99 8 % of one 
and 0 2 % of the other) and the characteristics of the 
partition column 

Aj^ + oiAg r— 3^r + 226 

A^ + )3Ag 7'+3^r + 226 

where a and )3 are the partition coefficients of 
the two solutes, is the area of cross-section of the 
mobile phase, Ag is the area of cross-section of the 
non-mobile phase and r represents the number of 
‘ theoretical plates ’ the first solute has passed At 

, , r-3v'r-t-2 26 

any particular place m the column ; is 

^ ^ r+^^r + 225 

a constant and represents the maximum value that 
(A^ + aAg)/{A^+ ^Ag) can have if the two solutes 
are to be just separated If Aj^ is small m relation to 
oAg or pAg the expression reduces to a/^ Tins is 
true when the partition coefficients are large Now 
if we assume that the ratio a/)3 is hkely to be sensibly 
constant for solvents of a similar type it follows that 
{Aj_ + oLAg)l(Aj’ + pAg) reaches its minimum value 
when the partition coefficients are large, and that if 
two solutes are only just separated when the parti- 
tion coefficients are large they will not be separated 
when the partition coefficients are small The as 
sumption that the ratio ajp ib sensibly constant for 
solvents of a sunilar type is strongly suggested by 
analogy with the data given by Cohn & Edsall ( 1 943) 
on the solubihty of ammo -acids and their derivatives 
m various orgamc solvents and m water It is im- 
portant, therefore, to choose a solvent for which the 
partition coefficients are large so that the maximum 
separation is achieved In paper chromatograms 
AJAg IS about 4 (Consden et al 1944) so that a and )3 
must ]ie at least 10-16 This corresponds to an Rg. 
value of 0 2—0 3 

In practice it is not always easy to find a two- 
coinponent solvent (water is always one com 
ponent) which will give Rp values of about 0 2 for a 
particular pair of sugars Three component solvents 
are, however, much more fiexible m this respect 
Ongmally these solvents were mtroduced m order to 
obtam a more convement spread of Rp values for 
pentoses and hexoses than was possible with two 
component solvents, but they can be readily apphed 
to the separation of sugars with similar Rp values 
The Rp value of a sugar can be altered by changmg 
the amount of water dissolved m the organic phase , 
the general relationship between the amoimt of 
water m the orgamc phase and the Rp value is clearly 
shown by the figures m Table 1 The addition to a 
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two-component system of a third substance, which 
IS readily soluble m both phases, mcreases the 
amount of water held m the non aqueous phase, 
Avhereas additioh of a substance which is soluble only 
m one phase diminishes the amount of water Thus, 
by usmg the orgamc phase from a mixture con 
sistmg of two orgamc^solvents and water, one of the 
orgamc solvents bemg miscible with water and the 
other immiscible, it is possible to alter the Rp value 
withm wide limits The Rp value for any particular 
pair of sugars can, therefore, be adjusted to about 
0 2 

The apparatus used m the present experiments 
has the advantage that durmg the development of 
the cliromatogram the phases on the paper are not 
disturbed In the method described by Partridge 
(1948) the hd of the chamber is removed when the 
trough IS filled with liquid, and the atmosphere is, 
therefore, mitially unsaturated, and requires several 
hours at least to reach eqmhbnum with the solvent 
Durmg this time the advancmg solvent front is 
losmg solvent to the atmosphere, and particularly m 
the case of tliree component systems may not have 
the same composition as the solvent m the trough 
In extreme cases with certam mixtures the two 
phases become rmscible and then all the sugars 
travel down the paper just behmd the solvent fi:ont 
By fillmg the trough without opemng the chamber 
after the paper and atmosphere have reached 
equihbiium with the solvent, we can avoid any dis- 
turbance of the phases on the paper 

SUMMARY 

1 A number of solvents have been exammed for 
the separation of complex sugar mixtures on the 
paper chromatogram It has been shown that two 
three-component mixtures, ethyl acetate acetic 
acid-water and ethyl acetate-pyndme-water are 
more satisfactory than any previously described 
solvents for the quahtative and quantitative deter- 
mmation of the sugars m mixtures of the simple 
hexoses and pentoses 

2 Some of the factors which influence the separa 
tion of the sugars on the paper chromatogram are 
described and analyzed It is shown that improved 
separation^ can be obtamed by usmg solvents which 
give low Rp values, the solvent front bemg allowed 
to run off the paper The use of a solvent with a low 
viscosity shortens the time needed for analysis 
because the solvent flows more rapidly through the 
paper 

The work described above was earned out as part of the 
programme of the Food Investigation Organization of the 
Department of Scientific and Industnal Research 
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Zinc Uptake by Neurospora 

By IRIMA ANDERSSON-KOTTO akd G CH BEVESY 
The WennerOren Institute and the Institute for Research in Organic Ghemisiry, University of Stockholm 

(Reeeived 6 October 1948) 


Among the mmor constituents of hvmg tissues 2 nnc 
IS one of great mteresb (see Lehman, 1939, Broh- 
Kalm & Mirslry, 1948, Warburg, 1948, Bertrand, 
1948) It constitutes 0 33 % of carbomc anhydrase 
(Keilm & Mann, 1940), and it is a constituent of 
uncase which contains 1 3 % of zmc (Davidson, 
1938, Hohnherg, 1939) and possibly of other 
enzymes It weis found to be essential for growth 
/ and citric acid formation of Aspergillus niger 
(Bemhauer, 1928), for growth and fumanc acid 
production of Rhtzopus mgncans (Foster & Waks 
man, 1939) and for growth and subtihn formation by 
Bacillus subtilis (Feeney, Lightbody & Ganbaldi, 
1947) 

The presence of 0 2 mg of zmc m the food of mice 
is stated by Bertrand ( 1 948) to prolong the life of the 
animals from 2-3 weeks to 2-2 6 montlis 

Wassiljew (1936) demonstrated that the effect of 
7inc was not the same for biochermcally different 
strains of A niger, and he went so far as to suggest a 
characterization of A niger strains based on their 
reactivity to zmc Foster & Waksman (1939) mter- 
prot tlie function of zmc as catalyzmg a more com 
plete destruction of the glucose molecule with a con- 
sequent greater efficiency of energy utihzation by 
the fungus 

In coime\ion with studies on the growth of 
Neurospora crassa we determmedthe amount of zmc 
necessary to obtam a maximum grondh of that 
mould 

JEETHODS 

Tlirougliout the ovponmcnts mj cchum from one spore was 
n«ed This was produced by crossing the tn o wild type 
stninv, nos 25fi and 14 of Beadle (1945) The culture 
solution Mas that desenbed by Rjan, Beadle Tatum 
(1943), it M-as autoclaved, and the cultures were treated 
under stcnlc conditions Inocula were taken from cultures 
4-0 da\ s old 


Labelled zino as chlonde and varying amounts of non- 
radioactive zinc as sulphate were added to oulture solutions 
at the start of the experiments From the specific activities 
of the zinc present in the culture solution and m the mould, 
and the amount of zmc added to the culture solution, the 
zmc content of Neurospora crassa was calculated We are 
much mdebted to the Atomic Energy Commission of the 
USA and the Chief of the Isotope Branch, Dr Poul 
Aebersold, for supplying the zmc containing the radioactive 
isotope °‘Zn 

The activity of the «^Zn taken up by Neurospora was less 
than 1 pcune, and thus the radiation emitted could hardly 
produce any noxious action on the mould 

After centnfugmg and thorough washmg the Neurospora 
was dried at 105°, brought mto solution by wet ashmg, 
6 mg zmc as sulphate added as earner, and the zmc pre 
cipitated with 8 hydroxyquinohne The precipitate was 
filtered through a perforated alummium dish covered by a 
layer of filter paper, and the dish placed under a Qeiger- 
MflUer counter of the type desenbed by Madsen (1946) 
A sample of the active ZnCIj solution was treated m the 
same way By comparing the actmties of this ‘standard’ 
precipitate of known zmc content and that of the above- 
mentioned precipitates, the percentage of the zmc ongmally 
present m the culture solution which accumulated m the 
mould was calculated 

RESULTS 

Tlie results of some of our experiments, m which 
each Neurospora was grown in 150 ml culture solu- 
tion of varymg zmc content for 6 days at 26°, are 
given m Table 1 This table and Fig 1 show that the 
presence of 1 part of zmc m about 30,000 parts of 
dry mould is sufficient for an almost maximal 
growth, and the presence of 12 6 pg zmc m 160 ml , 
culture solution suffices to give that zmc content It- 
IS admsable to add a somewhat larger amount of 
zmc to the culture solution, e g 200 pg /I as recom- 
mended by Ryan et al (1943) or 460 /ig /I as stated, 
by ilitchell & Houlakan (1946) 
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Table 1 Amount of zinc taken up by Neurospora 


Zinc in 
culture 

Wt of 

Zmo 

Percentage of 
the “Zn content 
of culture 
solution 

solution 

mould 

igg /mg 

present in 1 mg 

iPS) 

(mg) 

dry mould) 

dry mould 

2 5 

108 6 

0 021 

0 84 


106 9 

0 013 

0 60 


97 8 

0 012 

0 48 


90 0 

0 014 

0 56 

Average 

100 3 

0 016 

0 59 

12 6 

176 2 

0 033 

0 26 


169 7 

0 033 

0 26 


151 7 

0 036 

0 28 


144 3 

0 040 

0 32 

Average 

158 9 

0 035 

0 28 

BOO 

208 6 

0 090 

0 18 


178 8 

0 11 

0 21 


168 1 

0 10 

0 19 


166 7 

0 11 

0 22 

Average 

180 5 

0 10 

0 20 

260 0 

163 8 

0 13 

0 033 


172 3 

0 12 

0 043 


147 7 

0 11 

0 044 


161 9 

0 14 

0 066 

Average 

168 9 

018 

0 049 

2000 0 

186 3 

0 30 

0 016 


184 5 

0 34 

0 017 


168 3 

0 38 

0 019 


164 0 

0 38 

0 019 

Average 

168 3 

0 36 

0 018 


weight was still more pronounced (Fig 2) After 
48 hr 28 mg were obtamed m the absence of added 
zmc, while addmg 30 pg of zmc to a 160 ml culture 
produced 83 mg of mould 



Fig 2 Diy weight of Neurospora without (O) and after 
( X ) additaon of 30 pg of zmo 



Fig 1 Effect of Tarymg zmc content of the culture 
solution on the dry weight { O ) and zmc content ( x ) of 
Neurospora after the lapse of 6 days 


After 6 hr , a 160 ml culture solution contammg 
2 6 pg zmo produced 100 3 mg and one with 
12 6 pg zmc, an almost maximal weight of 158 9 mg 
In the former case 1 mg Neurospora contamed 
0 016pg zmc, m the latter roughly twice that 
amount (0 036 pg ) An mcrease m the zinc content 
of the culture solution to 2000 pg did not mcrease 
the weight of Neurospora observed after the lapse of 
6 days (Table 1) The capacity of the fungus to take 
up zmc was, however, not exhausted, as shown by the 
fact that an eightfold mcrease m the zmc concentra 
tion of the solution resulted m an almost threefold 
zmc uptake by the mould 

Feeney et al (1947) determmed the amount of 
zmc to be added to the culture solution m order to 
obtam maximal growth and maximal antibiotic 
frfrmation m cultures of Bacillus subtilis This was 
found to be 0 40 mg /I , while m the case of Neuro 
spora crassa an almost maximal growth was ob 
served by us m the presence of as httle as 0 08 mg /I 
of zmc m the culture solution 


Fig 1 shows the very pronounced mcrease m 
weight of the mould, from 71 to 100 and 159 mg , 
after the addition of 2 5 and 12 5 mg of zmc re- 
8pectl^ ely to the culture solution In experiments of 
shorter duration the effect of zmc on the mcrease m 


Migration of zinc from the Neurospora 
into the culture solution 

By makmg use of isotopic mdicators the rmgration 
of ions from the plant mto the culture solution has 
been observed m several cases, and the effect on the 
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migration process of unlabelled ions m the solution In aU our experiments more labelled zmc left the 
has also been studied Mmute amounts of labelled mould when placed m a solution contammg zmc 
lead, when taken up by the roots of Vicm Faba, could Table 2 shows the results of a typical experiment 
to a large extent be removed by an excess of non- 

labelled lead added to the nutrient solution, but to a Uptake of cobalt by Neurospora 


min or extent only if the solution did not contam lead 
(Hevesy, 1923) 

Mullms & Brooks (1939) placed cells of N^tella 
coronata first m a solution contammg radioactive 
potassium (^^K) and later m solutions of different 
chlorides Sodium and hthium were found to be 
much less effective m removmg labelled potassium 
than potassium itself We mvestigated the exodus of 
labelled zmc mto the culture solution both m the 
absence and presence of zmc m the solution m which 
the mould contammg labelled zmc was placed 


We compared the uptake of Co++ (usmg ®®Co as an 
mdicator) with that of zmc by Neurospora Four 
moulds were grown for 6 days at 28° m the presence 
of 26 /ig of cobalt m the culture solution They were 
found to take up 0 013, 0 Oil, 0 011 and 0 011 % of 
the cobalt content of the solution per mg of their 
dry weight (i e 0 0033,0 0028,0 0028 andO 0028 pg ) 
The cobalt uptake corresponds to only about one- 
twentieth of the uptake of zmc under similar con- 
ditions, showmg that the moulds do not possess such 
an effective mechanism for fixing cobalt as they do 


In these experiments Neurospora grown for 6 days at zmc 

28°, after repeated washmg with distiUed water, was 
divided mto five approximately equal parts One part was 


SUMMARY 


kept as a control, two parts immerBed separately m 160 ml 
culture solution containing no zmc for 24 hr at 12°, while 
two parts were kept under similar conditions m a culture 
solution contammg 30 /ig zmc 


1 By makmg use of labelled zmc (®'’Zn) the 
amount of zmc necessary to obtam maximal growth 
of Neurospora crassa was studied 

2 Maximal growth requires that at least 1 /30,000 


Table 2 Migration of labelled zinc from 
Neurospora into the culture solution 


Sample Activity 

Control 100 

Neurospora after being kept m zinc free 88, 84 

solution for 24 hr at 12° 

Neurospora after bemg kept m zinc 74, 75 

contammg solution for 24 hr at 12° 

Zmc free solution after 24 hr 9, 10 

Zinc contammg solution after 24 hr 14, 19 

Penultimate uash water 1 


part of the dry weight of the Neurospora be com- 
posed of zmc, and can be obtamed by raismg the 
mould m a culture solution contammg 0 08 mg or 
more of zmc/1 

3 When placed m a culture solution contammg 
inactive zmc more labelled zmc migrates from 
Neurospora mto the solution at 12° than m the 
absence of zmc 


4 Cobalt uptake, studied by makmg use of 
labelled cobalt (“Co), amounts only to one twentieth 


of the uptake of zmc under corresponding conditions 
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Accumulation of Glutamic Acid in Isolated Brain Tissue 

By J R stern (Fellow m the Medical Sciences of the National Research Council, Washington), 
L V EGGLESTON, R HEMS and H A KREBS, Medical Research Council Unit for Research 
in Cell Metabolism, Department of Biochemistry, The University, Sheffield 

{Received 22 September 1948) 


Van Slyke (1913) was the first to show that most 
animal tissues have a far higher concentration of fi^e 
ammo acids than has blood plasma For example, 
75, 73 and 64 mg non-protem ammo N were found 
m 100 g of dog hver, kidney and spleen respectively, 
and only about 4^6 mg m 100 g of blood plasma 
(Van Slyke & Meyer, 1913) Hamilton (1946) and 
ICrebs, Eggleston & Hems (1949) have reported 
comparable differences for the distribution of glut- 
amme and glutamic acid between tissues and plasma 
Smce ammo acids can travel readily from tissue to 
plasma, and plasma to tissue, special mechanisms 
must exist winch control the rate of transport and 
mamtam high concentration gradients 

This paper is concerned with a study of this 
mechanism VTien shces of bram and other tissues 
are kept m a sahne medium conteimmg glutamate 
the concentration of this ammo -acid m the tissue 
rises under some conditions and falls under others 
Transport of glutamate can occur against a consider- 
able concentration gradient The changes observed 
are sufficiently large to allow accurate measure- 
ments, and the factors which control the concentra- 
tion gradient between tissue and medium can thus 
be mvestigated under relatively simple conditions 

EXPERIMENTAL 

Handling of tissue In the present expemnents it was 
necessary to measure the fresh weight of the tissue before 
incubation in a nutnent medium It was therefore essential 
to avoid contact of the tissue with medium during the shcmg 
operations After prelumnary experiments the following 
procedure was adopted The bram of a gmnea pig was 
removed from the animal immediately after death and 
placed on dry filter paper for shcmg Shces of the grey 
matter were made with a dry cutting blade by the method 
of Deutsch (1936), or of Stadie & Riggs (1944), and were 
weighed on a torsion balance Samples of c 0 16 g fresh 
weight were placed m the medium m the mam compart 
ment of each com cal Warburg cup, m which they were 
shaken at 40° for specified periods At the end of the men 
bation the cups were placed m ice water to stop metabohe 
activity and the shces were collected as qmckly as possible 
After drammg off the medium along the wall of the mano 
meter vessel the slices were agam weighed on the torsion 
balance They were then ground m a mortar with 2 6 ml of 
0 4^-1101 The remairung medium was acidified with 
0 25 vol of 2k HCl immediately after the removal of the 


tissue and ice cooled The sum of l glutamic acid and l 
glutamme was determmed m a measured fraction of this 
solution and m 2 ml of the suspension of ground tissue In 
each experiment a sample of shces which had not been 
meubated was treated and analj^zed m the same way as the 
meubated matenal 

Rabbit bram was found to be less smtable because shces 
of this matenal broke up mto many particles when shaken 
m sahne media, w hils t gmnea pig bram shces remamed 
coherent Smaller ammals, such as rats or pigeons, did not 
yield enough shces for a series of experiments on one bram 
One gmnea pig bram was usually sufficient for five samples 
of 0 15 g each 

All data on tissue weights given m this paper refer to 
fresh weights 

Medium Phosphate sahne inthout Ca (Krebs L Eggle 
ston, 1940) was used as the standard medium Substrates 
were added m the form of neutral 0 2m solutions and the 
total volume of the medium, including the added substrates, 
was 4 ml The substrates u ere added to the medium from 
the side arm immediately before the manometers were 
attached to the water bath Unless otherwise stated, the 
gas space of the vessels was 0. 

Analytical methods The decarboxylase method of Gale 
(1945), as modified by Krebs (1948), was used for the deter- 
mmation of the sum of L-glutamio acid and i/-glntamme It 
IS specific for these two substances D Glutamate is not 
attacked by the bactenal decarboxylase As a rule no 
effort was made to differentiate between the two substances 
and m the following tables ‘glutamic acid’ or ‘glutamate 
refer to the sum of L glutamic acid and L-glutamme except 
where it is specifically stated that a differential detemima 
tion was earned out 

Calculation A difficulty m the quantitative mterpreta- 
-tion of the measurements arose from the findmg that the 
thoroughly dramed bram shces collected at the end of the 
mcubation always weighed more than the fresh shces as 
placed m the medium The mcrease was usually about 
26-60% under aerobic, and 50-76% under anaerobic, con 
ditions, and could have been due either to the adherence of 
sahne medium to the tissue or to swelhng of the latter 
EUiott (1946) has m fact shown that bram tissue swells 
when immersed m sahne media and this is confirmed by 
observations reported m this paper, however, the weight 
mcrease observed under our conditions was probably due to 
both swe lling and wetting 

If the concentration ofglutamatem the shces is calculated 
on the assumption that the weight mcrease is due to 
adherent medium, higher values are obtamed than if it is 
assumed to be due to swe lling Examples showmg the extent 
of the differences obtamed by the two methods of caloula 
tion are given m Tables 1 and 2 In contrast, the figure for 
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the total amount of glutamate taken up by the shoes is not 
much affected by the method of calculation as long as the 
concentration of glutamate m the medium is much lower 
than m the slices, which was the case m most expenments 
To what extent the calculated results vary with the con- 
centration of glutamate m the medium can be seen from the 
data given m columns 3 and 6 of Table 2 

In all eases, except m the specified columns of Tables 1 
and 2, the amount of glutamic acid m the shces was calcu- 
lated on the assumption that all the weight mcrease was due 
to adherent medium The concentration of glutanuc acid m 
the medium at the end of the mcubation period was de- 
termmed m every expenment so that the correction for the 
adherent medium could be made Any errors arising from 
the mcorrectness of the assumption would cause the uptake 
of glutamate by the tissue to appear too small, and the 
concentration of glutamate m the shces to appear too high 

The amount of glutamic acid removed from the medium 
was m most experiments larger than the amount which 
accumulated m the tissue This is taken as an mdication 
that the tissue had converted some glutamic acid mto other 
substances This fraction of glutamic acid (glutamic acid 
removed from medium minus glutamic acid accumulated m 
tissue) ivdl be referred to as ‘glutamic acid metabolized’, 
in accordance with general usage, the removal of glutamic 
acid from the system wdl be denoted by the mmus sign In 
some cases, mdicated by the positive sign, glutamic acid m 
the system ‘medium plus shoes’ mcrcased Where the 
detcrmmation of ‘glutamic acid metabolized’ rests on the 
measurement of a difference, m the presence of a total 
amount of c 400-900 /xl glutamate, small values for 
glutamic acid metabolized (below 20 /xl ) are of doubtful 
significance (1 fxmol glutamic acid = 22 4pl, cf Krebs, 
1948) 

RESULTS 

Accumulation of l glutamic acid m slices of brain 
cortex On mcubation with glutamate, m the 
presence of glucose, the amount of glutamate m the 
shces mcrcased progressively durmg the first 
00 mm up to about two and a half times the mitial 
% nluo (Table 1, cols 4 and 6) At the same time 
glutamate disappeared from the medium (Table 1, 
cols 8 and 9) The differences m the figures given m 


columns 6 and 9 show that, except for the first 
20 TTun period, where the measurement was not 
very accurate owmg to the relatively small change, 
considerable amounts of glutamate were meta- 
bohzed under the conditions of the experiment 

The transport of glutamate mto the tissue occurred 
against a concentration gradient (see Table 1, cols 
10-12) The computations of this gradient give 
somewhat, but not decisively, different figures 
accordmg to the assumptions on which they rest 
(cf Table 1, cols 10 and 11) 

Durmg the 60-80 mm period the glutamic acid 
concentration dropped m the shces whilst it m- 
creased m the medium Thus the mechanism of 
transportmg glutanuc acid mto the tissue or of 
mamtammg the concentration gradient had lost its 
efficiency after 60 mm , presumably owmg to tissue 
damage In later experiments on bram tissue where 
rates were to be measured, the mcubation period was 
usually 40 mm 

A comparison of the rate of accumulation of 
glutamate m bram tissue with the metabohe pro- 
cesses shows that the average rate of accumulation 
m the shce was 3 7 pi glutamic acid/mg dry wt /hr 
for the first 20 mm and 3 1 for the first 60 min The 
average rate of removal from the solution, on the 
basis of the 60 mm value, was 4 9 Thus the rate of 
glutamate removal by metabohe reactions was 1 8, 
or about one third of the rate of remox’-al from the 
solution For the purpose of these calculations it 
was assumed that the dry weight of the non- 
meubated shces was 20 % of the wet weight 

Effect of the concentration of-L-glutamate Increasmg 
the concentration of glutamate m the medium 
caused an mcreased uptake by the shces (Table 2, 
cols 4 and 6) It is remarkable that at the end of the 
mcubation period the differences between the con- 
centrations m the slices and m the medium were 
about the same m spite of great differences at the 
start (see Table 3) The amounts of glutamate 


Table 1 Accumulation of n glutamate in slices of guinea pig brain cortex 

(0 02m Glucose, 0 005m l glutamate The values given m column 10 were calculated by dividmg the corresponduiE 
gurcs in col 4 b\ those m col the values m col 11 by dividmg the figures m col 6 by those in col 1 ) 


Pi nod 
of 

inciibn 

1 of shces/cup 

r — 

-Ifter 

incubn 

tlOIl 

Initial 

tion 

(iiiin ) 

(g ) 

(g ) 

Column 

1 

■) 

0 

0 140 



20 

0 145 

0 210 

40 

0 143 

0 217 

00 

0 14S 

0 220 

SO 

0 149 

0 219 


IVt 

increase 

of 

L Glutamate 
found in 
drained shces 
* 

L Glutamate m 
shces corrected 
for adherent 
medium 

A 

slices 

Total 

Change 

Total 

% 

Change 

(g ) 

(l^l) 

(/iL) 

ltd) 

(/xl) 

3 

4 

5 

G 

7 

— 

00 



60 


-‘-0 005 

90 

+36 

91 

1-31 

-^0 074 

117 

+ 57 

112 

+52 

-i- 0 0 1 s 

151 

+ 91 

146 

+ 86 

-^0 070 

122 

+ 62 

117 

+ 57 


Concentration of 
L glutamate 


L-Glutemate m 

, ^ 

In shces 


medium 

/ 

_-A 


1 

.A 


Corrected for 

Total 


As 

adherent 

In 

found 

Change 

weighed medium 

medium 

(/xl ) 

(/xl ) 

(/xl /g ) 

(/xl/g) 

(/xI/mL) 

8 

9 

10 

11 

12 

428 

— 

412 

412 

107 

398 

- 30 

468 

628 

100 

327 

-101 

640 

781 

82 

282 

-146 

666 

986 

71 

292 

-136 

655 

785 

73 
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Table 2 Effect of x,-glutamatc concentration on the accumvXaUon in slices of brain cortex 

(Penod of incubation 40 min , 0 02 m glucose, initial amount of l glutamate m 160 mg slices, 49 ^il ) 

Fmal concentration of 
L glutamate 







L Glutamate m 

L Glutamate 

In shces 



Wt of shoes/cup 

L Glutamate 

shces corrected 

found m 4 ml 

{ 

1 


Initial 


V 

found m 

for adherent 

medium after 


Corrected 


amount of 


After 

dramed shoes 

medium 

mcubation 


for 


L glutamate 


mouba 

f 

1 

i 

_A 

f 

> 

As 

adherent 

In 

m 4 ml 

Initial 

tion 

Total 

Change 

Total 

Change 

Total 

Change 

weighed 

medium 

medium 

(fd) 

(g ) 

(g ) 

(Ml) 

(m1) 

(Ml) 

(Ml) 

(Ml) 

(m1 ) 

(Ml/g ) 

(Ml/g) 

(Ml /ml) 

Jolumn 

1 

2 

3 

4 

6 

6 

7 

8 

9 

10 

11 

222 

0 149 

0 224 

86 

+ 36 

84 

+ 36 

116 

-106 

382 

661 

29 

444 

0 149 

0 221 

92 

+ 43 

86 

+ 37 

361 

- 83 

414 

680 

90 

888 

0 144 

0 206 

114 

-f- 07 

106 

+ 68 

733 

-166 

652 

726 

183 

1776 

0 147 

0 218 

167 

+ 109 

134 

+ 86 

1607 

-169 

720 

912 

402 


metabolized (calculated from colmnns 8 and 4 or 6 of 
Table 2) did not vary much with the glutamate con- 
centration m the medium This is not unexpected as 
the metabohc reactions should depend on the sub 
strate concentration m the tissue, winch showed 
relatively httle variation, rather than on the sub- 
strate concentration m the medium 

Table 3 Difference in the co)icentration of 
L glutamate between slices and medium 

(Calculated fix)m data given m Table 2 For the purpose 
of the calculation it is assumed that 1 g shoe equals 1 ml 
shoe ‘ Difference ’ is concentration m shoes mtnvs ooncen 
tration m medium The minus sign mdioates that the con 
oentration m the shoes was lower than the concentration in 
the medium ) 

Difference after mcubation 


Imtial 

Calculated from 

Calculated from 

difference 

cols 9 and 11 

cols 10 and 11 

(m 1 /ml ) 

(Ml/ml) 

(Ml /ml) 

282 

363 

632 

216 

324 

490 

116 

368 

640 

-111 

318 

610 


Effect of various substrates on the fate o/l glutamate 
^^dien L glutamate was the only substrate added to 
bram shoes the origmal concentration of glutamate 
m the tissue was not mamtamed but fell (Table 4, 
Exp 1) Succmate, fumarate, citrate, a glycero- 
phosphate, phosphoglycerate or adenosme tnphos 
phate were unable to prevent this fall In the 
presence of glucose, finictose, pyruvate, lactate and 
fructose 1 6 diphosphate the concentration of glu 
tamate rose on mcubation The effect of glucose was 
greater than that of the other suhstances, except m 
one case (Exp 1) where the effect of glucose was 
unusually low and where lactate was more effective 
than glucose 

A comparison of the effects of the above sub- 
stances with them oxidizabihty m bram tissue shows 
no simple correlation Substances which cause an 


accumulation of glutamate m the tissue are all 
oxidizable, but oxidizability alone is not sufficient 
to support accumulation, glutamate, succmate and 
a-glycerophosphate, although readily oxidized, were 
meffeotive even in preventmg the fall of glutamate 
m the tissue Wlulst the oxygen uptakes m the 
presence of glucose, lactate and pyruvate were of the 
same order, glucose was defimtely more efficient m 
Bupportmg accumulation 

Tlie amount of glutamate metabohzed was hy far 
the greatest m the presence of oxaloacetate, trans 
animation bemg mainly responsible for the removal 
m this special case (see Exp 3) The relatively large 
amount of glutamate metabohzed m the presence of 
fumarate was probably also due to transammation 
with the oxaloacetate ansmg by oxidation of the 
fumarate In general, substrates which were readily 
oxidized, like glucose, lactate or pyruvate, reduced 
the amoimt of glutamate metabohzed, whilst sub 
stances which are not readily oxidized m bram 
tissue had no appreciable effect 

The rate of glutamate removal m the presence of 
oxaloacetate, m terms of the usual Q values {gl /mg 
dry wt /hr ), was 28, and if the reaction had occurred 
withm the bram cells this figure would represent the 
Tmmmnm rate of entry of glutamate mto the tissue 
On the other hand, the data in Table 1 mdicate an 
actual rate of entry under similar conditions of no 
more than 6 To clear up this apparent discrepancy 
experiments were carried out to test whether the 
transammase diffuses mto the medium and allows the 
reaction to take place outside the shoe Bram shces 
(138 mg ) were shaken m glucose sahne (4 ml ) for 
40 mir» in an atmosphere of Oj Tlie shces were then 
removed , the medium was centrifuged and 3 ml of 
the supernatant were mcubated at 40° with 0 2 ml 
of 0 02M-glutamate, 0 4 ml of 0 02 m oxaloacetate 
and 0 4 ml of sahne After 40 mm the reaction was 
stopped by the addition of 2 n-IIC 1 (1 ml ) and 
glutamate was deterrmned m the solution Of the 
890 fj.1 glutamate added only 244 were recovered It 
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Table 4 Effect of vanous substrates on the fate of -L-glidamate tn guinea-pig brain cortex 
(Incubation 40 mm Concentration of glutamate 0 01m, of other Bubstrafes 0 02m unlesB otherwise stated ) 


Exp Substrates added m 

no addition to glutamate 

1 None 
Glucose 
Pyruvate 
L Lactate 

2 Glucose 
Fructose 
Pyruvate 
L Lactate 

3 Glucose 
Oxaloacetate 

a. Glycerophosphate 
Adenosmetnphosphate (0 002 m) 

4 Glucose 
Succmate 
Fumarate 
Citrate 

6 Glucose 

DL Phosphoglycerate 
Adenosmetnphosphate (0 002 m), 
Di,-phoaphoglycerate 
Fructose 1 6 diphosphate 


Amount of glutamate 
found m shoes 

> 

After mcubation 


Amount of 
glutamate 
removed 


Amount of 


wet wt 
of shces 

(— 

Initially 

Total 

, 

Change 

iTom 

medium 

giULaiuai 

metabohz 

(g ) 

(f^l) 

(m1) 

(pl) 

(pi ) 

(pi) 

0 162 

69 

62 

- 7 

- 64 

- 61 

0 165 

60 

100 

+ 40 

- 86 

— 46 

0 160 

68 

91 

+ 33 

- 63 

- 30 

0 168 

61 

112 

+ 61 

- 68 

- 17 

0 144 

62 

148 

+ 96 

-208 

-112 

0 186 

67 

124 

+ 67 

-126 

- 68 

0 167 

60 

103 

+ 43 

-127 

- 84 

0157 

57 

101 

+44 

- 93 

- 49 

0 167 

66 

127 

+ 72 

-144 

- 72 

0 161 

63 

67 

+ 4 

-666 

-662 

0194 

67 

50 

-17 

- 73 

- 90 

0 162 

66 

42 

-14 

- 90 

-104 

0 167 

66 

160 

+ 96 

-126 

- 31 

0 161 

83 

61 

-12 

- 73 

- 85 

0 169 

66 

66 

-10 

-130 

-141 

0 169 

66 

42 

-24 

- 86 

-109 

0163 

63 

120 

+ 67 

-166 

- 98 

0 143 

49 

42 

- 7 

- 26 

- 32 

0 169 

66 

67 

+ 2 

- 69 

- 67 

0197 

68 

95 

+ 27 

- 66 

- 39 


follows that enough transaminase can diflhise out of 
the tissue shoes to account for the change m glu- 
tamate concentration observed m Exp 3 of Table 4 
Thus whilst the shoes can retam and even concen- 
trate glutamate they lose the very much larger 
molecule of the tronsammase whose molecular 
weight has been estimated at 60,000 (Green, Leloir 
& Nocito, 1946) Further quantitative assays of the 
glutamic aspartic transammase showed that after 
40 nun mcubation m glucose sahne 26 % of the 
enzyme had passed from bram shoes mto the 
medium "Wliipple & Madden (1944) have adduced 
emdence which suggests that other large molecules — 


the plasma proteins — flow readily to and fro 
between tissue and plasma 

Comparison of 'L-gluiamate and i> glutamine After 
a short period of mcubation (16 mm ) the amount of 
glutamate plus glutamme found m the shces was 
greater when glutamme was the substrate, whilst 
after 30 mm the concentrations reached with glu- 
tamate and glutamme were about equal (Table 6) 
The data suggest that glutamme is taken up a httle 
more rapidly than is glutamate In asumlar experi- 
ment a differential detenmnation of glutamate and 
glutamme was earned out after an mcubation period 
of 60 mm The method recently described was used 


Table 6 Comparison of the rates of accumulation of i.-glutamate 
and x.-glutamine in guinea-pig brain cortex 

(Glucose 0 02m ) 

Sum of glutamate and 






glutamme foimd 

m shces 


Penod of 

Initial wt 

Substrates 

— ^ 


E-^ 

mcubation 

of shces 

added 

• 1 
Total Increase 

no 

(mm ) 

(g) 

(0 01 M) 

(pl) 

(Ml) 

1 

0 

0 161 

— 

56 



16 

0 166 

Glutamate 

75 

19 


16 

0 166 

Glutamme 

97 

41 


30 

0 165 

Glutamate 

96 

40 


30 

0167 

Glutamme 

116 

59 

2 

0 

0 160 





15 

0 155 

Glutamate 

80 

18 


15 

0 167 

Glutamme 

107 

46 


30 

0 163 

CAwta-fuate 

131 



30 

0 154 

Glutamine 

124 

Ul7 

62 
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(Kjebs, 1948) When glutamate was the substrate m 
the medium over 90 % of the total glutamate m the 
tissue was present as glutamic acid, whilst with 
glutamme 6is substrate 46 % of the total glutamate 
m the slice was present as glutamine Hence both 
forms can enter the tissue 

Anaerobic experiments Anaerobically glucose 
partly prevented the fall m the concentration of 
glutamate which occurred when glutamate or glu- 
tamme were the only substrates m the medium 
(Table 6), and m some experiments (Exp 3) there 
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glycolysis by glutamate, which was previously un 
explamed, and for the abolition of the inhibition by 
adenosmetriphosphate 

Effects of rnhtbitors Two lands of effect, that on 
the concentration of glutamate m the tissue and that 
on the metabolic utilization of glutamate, were in 
vestigated Gumea-pig bram cortex served as 
material and m all experiments the medium con 
tamed 0 02M-glucose and 0 01 m n-glutamate The 
period of mcubation was 40 mm DL-Methionine 
sulphoxide (0 02m), sodium pemcillm (0 1 %) and 


Table 6 Accumxdatwn of l glutamate m slices of brain cortex under anaerobic conditions 

(0 02m Glucose, 0 01 m glutamate or glutamme, 0 002m adenosmetriphosphate, 0 02m dl phosphoglycerate Bicar 
bonate sahne used m Exp 1 , phosphate sahne in the other experiments Incubation 30 mm m Exps 1, 3 and 4, 40 mm 


m Exp 2 ) 


Exp 

no Substrate added 

1 Glutamate , glucose 

Glutamate, glucose, adenosmetriphosphate, 
phosphoglycerate 

Glutamate, glucose, adenosmetnphosphate 
Glutamate, glucose, phosphoglycerate 

2 Glutamate 
Glutamme 
Glutamme, glucose 
Glutamme , adenosmetnphosphate 
Glutamme, glucose, adenosmetnphosphate 

3 Glutamate, glucose 
Glutamme, glucose 

4 Glutamate, glucose 
Glutamme, glucose 

was even a small mcrease of the tissue glutamate 
m the presence of glucose Tlus mcrease was greater 
with glutamme than with glutamate m the medium 
Adenosmetriphosphate and phosphoglycerate had 
no appreciable effect on the accumulation of glu- 
tamate In these experiments glycolysis was also 
measured and it was noted that adenosmetriphos- 
phate removed the glutamate inhibition (Weil 
MaUierbe, 1938) of glycolysis In Exp 1 of Table 6, 
for example, Quouo Mid 6 4m the presence of 
glucose and glutamate and 16 0 when adenosme- 
triphosphate was also added The fact that addition 
of adenosmetnphosphate accelerates glycolysis may 
be taken to mdicate that, m the presence of glu- 
tamate, ewienosmetriphosphate is a hrmtmg factor 
m glycol 3 ’sis and it would follow that glutamate 
reduces the concentration of adenosmetriphosphate 
This might be the result of the formation of glutamyl- 
y-phosphate, a reaction postulated by EUiott 
(1948 a, 6) as a step m the sjmthesis of glutamme m 
bram Addition of adenosmetriphosphate would 
overcome the inhibition of glycolysis by restormg 
the original concentration of this substance m the 
tissue This hypothesis accounts for the inhibition of 


Amount of glutamate found m sbces 


Initial 

f 

After incubation 

wt of 

^ 


_A 

shoes 

Initial 

Total 

Change 

(g) 

(/il) 

(f^l) 

(id) 

0 147 

42 

33 

- 9 

0 166 

44 

38 

- 6 

0 161 

46 

38 

- 8 

0 146 

41 

41 

0 

0 101 

42 

16 

-27 

0 100 

42 

21 

-21 

0 101 

42 

28 

-14 

0 107 

46 

21 

-24 

0100 

42 

27 

-16 

0 168 

48 

63 

+ 6 

0 163 

60 

69 

+ 19 

0 164 

68 

46 

-12 

0 168 

69 

61 

+ 2 


stryclmme (0 0026 m) had no effect Sodium fluoride 
(0 02 m) and phlorrhizm (0 01 m) caused a fall m the 
tissue concentration of glutamate and m its utihza 
tion Malonate (0 02 m) reduced accumulation a 
httle and inhibited almost completely the metabohc 

utihzation In the presence of crystal violet (0 01 %), 

2 d-dimtrophenol (0 001 m) and lodoacetate (0 001 m) 
the utilization was not affected, hut the accumula 
tion was reduced m that the tissue concentration 
remamed almost stationary, 1 e no fall occurred and 
no storage beyond the mitial level 

To test whether n -glutamate has mhihitory effects 
DL- and L glutamate were compared Whilst accu 
mulation of l glutamate m the tissue was practically 
unaltered m the presence of DL glutamate, much 
less, if any, L-glutamate appeared to have heen 
metabolized However, an analysis of this effect 
suggested that the apparent inhibition of L glu- 
tamate removal by d - glutamate was due to a con- 
version of D glutamate mto l glutamate by bram 
tissue For example, on mcubation (40 mm ) of 
156 mg shces (fresh weight) with 0 01 m-d glutamate 
and 0 02 m glucose, an mcrease of 12 /J of l- 
glutamate was found m the shces and of 38 / J m the 
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medium No mcrease occurred m the absence of D- 
glutamate and it is therefore very probable that the 
L-glutamate formed had. arisen from d - glutamate 
Weil-MaUierbe (1936) and Edlbacher & Wiss (1944) 
have shown that bram tissue can deammate d- 
ammo -acids, and deammation is presumably the 
primary step m the conversion of the n- mto the 
L-form Tins view is supported by the observation 
that a-ketoglutarate and ammoma yield n glutamate 
m bram slices at a sufficient rate (Weil-Mallierbe, 
1936) 

Accumulation of glutamate in tissues other than 
brain Experiments similar to those on bram were 
carried out on rune other tissues (Table 7) Six of 
these, when suspended m sahne containmg n- 
glutamate and glucose, showed no increase m their 


glutamate concentration unless the concentration of 
glutamate m the medium w£is higher than the 
ongmal concentration m the tissue If a substrate 
for respuation was present, however, these tissues 
roughly mamtamed theu ongmal concentration of 
glutamate even when no glutamate was added to the 
mediupQ The six tissues were testis (rat), kidney 
medulla (gumea pig), liver (gumea pig), wall of the 
small mtestme (rat), choroid plexus (sheep) and 
ammon (gumea pig) Records of the experiments on 
these tissues are not mcluded m Table 7 except for 
one on gumea-pig hver It was thought that the 
fadure of this tissue to accumulate glutamate might 
possibly be due to the relatively low rate of penetra- 
tion of glutamate (see Elrebs, Eggleston & Hems, 
1948), but this was not confirmed by the results of 


Table 7 Accumulation of n glutamate by various tissues 


(Initial concentration of added aubstratea 0 02m exeept where otherwise stated ) 


Fmal 


Tissue Substrates added 


Kidney cortex. None 
guinea pig None 

Glutamate (0 01m) 

Glutamate (0 01m), glucose 
Kidney cortex, None 
guinea pig None 

Glutamate (0 01m), glucose 
Kidney cortex. None 
guinea pig Glutamate (0 01 m) 

Glutamate (0 01 m), glucose 
Glutamate (0 01m), l lactate 


Lung, None 

guinea pig None 

Glutamate (0 003 m) 
Glutamate (0 003 m) , glucose 
Glucose 


Lung, 
gumea pig 

Spleen, 
guinea pig 


Li\ er, 
guinea pig 


Clionon, 
guinea pig 

Clionon 
guinea pig 


None 

None 

Glutamate (0 006m), glucose 

None 

None 

Glutamate (0 003 m) 
Glutamate (0 003 m), glucose 
Glucose 

None 

None 

Glutamate (0 01m) 
Glutamate (0 01 m) , glucose 
Glucose 

Citrate, NHjQ (0 006m) 
NH^Cl (0 006 m) 

None 

Glutamate (0 01m) 
Glutamate (0 01m), glucose 
None 
None 

Glutamate (0 006 m) 
Glutamate (O 005 m), glucose 


Period 
of mou- 
bation 
(mm ) 

0 

60 

60 

-60 

0 

30 

30 

0 

40 

40 

40 

0 

40 

40 

40 

40 

0 

40 

40 

0 

40 

40 

40 

40 

0 

60 

60 

60 

60 

60 

60 

0 

40 

40 

0 

40 

40 

40 


concentration 


Weight 

Glutamate 

Change of 


of glutamate 

of 

found m 

glutamate 

Glutamate 

/ 

s 

tissue 

tissue 

m medium 

metabolized 

Tissue 

Medium 

(g) 

(kD 

(/J) 

(;^1) 

(kl/g) 

(fil /ml ) 

0163 

18 





- 

- . 

0 162 

11 

+ 27 

+ 20 

72 

7 

0146 

61 

-137 

- 93 

416 

190 

0 163 

63 

-170 

-126 

412 

182 

0131 

19 







0140 

10 

-t 23 

+ 14 

72 

6 

0 166 

44 

- 94 

- 69 

283 

188 

0 164 

22 



— 




0 148 

46 

- 94 

- 70 

313 

189 

0 160 

46 

- 84 

- 69 

298 

191 

0 147 

38 

- 62 

- 36 

268 

199 

0 180 

23 



_ 



0 100 

19 

-t 21 

+ 20 

120 

6 

0164 

24 

- 33 

- 31 

147 

70 

0 173 

22 

- 22 

- 22 

127 

73 

0 161 

16 

- 10 

-f- 7 

93 

3 

0139 

16 






0161 

12 

+ 14 

-1- 10 

80 

3 

0 161 

33 

40 

-t- 26 

219 

109 

0 103 

7 






0 092 

13 

-t 14 

+ 6 

140 

4 

0104 

20 

- 17 

- 4 

192 

74 

0 112 

20 

- 14 

- 3 

178 

76 

0106 

22 

- 23 

4- 9 

207 

6 

0159 

33 






0 161 

10 

-1- 63 

4- 40 

62 

16 

0 161 

26 

-128 

-136 

161 

192 

0 165 

28 

-117 

-122 

170 

196 

0 163 

8 

4- 37 

4- 12 

49 

9 

0 165 

20 

-M95 

4-182 

121 

49 

0 164 

7 

-t- 42 

-4- 16 

43 

11 

0 206 

11 





0 223 

0 207 

81 

76 

- 93 

- 85 

- 23 

- 19 

360 

367 

193 

196 

0 317 

29 




0 333 

0 294 

0 316 

21 

64 

74 

+ 30 

- 73 

- 62 

4- 21 

- 39 

- 17 

62 

217 

234 

8 

90 

93 
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an experiment m which citrate and ammonmin 
chloride were substrates (Table 7) Although glu- 
tamate was rapidly synthesized withm the tissue (as 
mdicated by its appearance m the medium) the con- 
centration of glutamate m the tissue remamed low 

Four gumea-pig tissues, kidney cortex, spleen, 
lung and chorion, gave results similar to those ob- 
tamed with bram m that accumulation of glutamate 
occurred against a concentration gradient Ex- 
amples are given m Table 7 In kidney and chonon 
the concentration reached was greater than m lung 
and spleen, but m none of the four tissues did the 
glutamate concentration reach the high levels which 
were found m bram cortex The addition of glucose 
to the medium did not affect accumulation in the 
four tissues 

A common feature of all the tissues exammed is 
the abihty to mamtam a glutamate level above that 
of the medium if the concentration m the medium is 
low, 1 e similar to that foimd m blood plasma The 
tissues differ with respect to the final level to winch 
they can concentrate glutamate Testis, kidney 
medulla, hver, mtestmal wall, choroid plexus and 
ammon appear to be ‘ saturated ’ with glutamate at 
the start , they cannot mcrease the imtial concentra- 
tion Bram, kidney cortex, chorion, lung and spleen 
are able to accumulate glutamate above the startmg 
level 

The foetal membranes and placenta were ex- 
ammed as examples of growing tissues They came 
from gumea pigs at approximately the 46th day of 
gestation The results obtamed with these materials 
revealed no correlation between accumulation of 
glutamate m the tissue and rate of growth 

In several experiments a small but defimte amount 
of glutamate was formed on mcubation of tissue 
when no glutamate was added to the medium (mdi- 
cated m Table 7 by the positive signs m the column 
‘glutamate metabolized’) Most probably this 
glutamate was derived from proteins and peptides 
by hydrolysis 

Table 8 Swelling of guinea pig tissues in isotonic 
saline under aerobic and anaerobic conditions 

(Phosphate saline , 40 mm moubation , 0 02 m glucose ) 

Change in irt 
(% of imtial wt ) 


Tissue 


N, 

Bram cortex 

+ 26 

+ 62 

Kidney cortex 

0 

+ 62 

Liver 

+ 14 

+66 

Lung 

+ 1 

+ 12 

Spleen 

-17 

+ 4 


Note on sivelhng of tissues in isotonic saline media 
Reference has already been made m the Experi- 
mental section to the swelhng of the tissue observed 
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m the present experiments Outstandmg among the 
observations recorded was the fact that the weight 
mcrease found after anaerobic mcubation was con 
sistently greater than that after aerobic mcubation 
(Table 8 ) As the amount of medium adherent to the 
mcubated slices must have been approximately the 
same for both conditions, the differences m weight 
mcrease can only have been due to different degrees 
of swelhng Evidently respiration is an important 
factor m controllmg the flmd uptake of the tissues 

DISCUSSION 

Tissue slices as material for the study of permeability 
and storage The experiments reported m this paper 
show that a mechanism is operative m shces of bram 
cortex and other tissues which transports glutamic 
acid from the medium mto the tissue agamst a con- 
centration gradient In gumea-pig bram cortex the 
transfer stopped when the difference between the 
mtemal and external concentrations was about 
0 02 m Withm certam lirmts this difference was m- 
dependent of the absolute level of the external con- 
centration Tissue shces thus afford a system m 
which the mechanisms responsible for the perme 
abihty of the tissue and for the active storage of sub 
stances witlun the cell can be mvestigated under 
controlled conditions 

Sources of energy The accumulation of glutamate 
against a concentration gradient is necessarily de 
pendent on a source of energy This accounts for the 
fact that substrates winch can yield energy must be 
present if accumulation is to take place, and that 
inhibitors which mterfere with the production of 
energy, such as sodium fluoride, also mterfere with 
the accumulation of glutamate Of the various sub- 
strates of oxidation, glucose was the most effective 
m bram, which is remarkable because lactate and 
pyruvate usually give rather higher Qqj values 
than glucose (see EUiott, Greig & Benoy, 1937) 
Glucose was less effective anaerobically than aero 
bically , it mamtamed the mitial level but failed to 
support accumulation The observation that adeno 
smetnphosphate had no effect should not be taken 
as evidence agamst tbe participation of energy -rich 
phosphate bonds m the energy transfer 

Energy requirements of brain Bram, without doing 
external work, requires a contmuous supply of 
energy, and it has been said that this energy is re 
quired to mamtam a thermodynamically unstable 
structure Few examples have been offered definmg 
precisely m which respect the ‘ structure ’ of the tissue 
is ‘ unstable ’ A high concentration of a substance 
in cells whose walls are permeable to tbe substance 
may be looked upon as a sign of an unstable structure 
Glutamate m a concentration much above that of 
the blood plasma is m this sense a component of the 
‘structure’ of bram winch the forces of diffusion 
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tend to disintegrate Energy must therefore con- 
tmuously be added to mamtain the ‘ structure 
Permeability and metabolism The present experi- 
ments provide a new demonstration of the influence 
of metabohc activities on cell permeabihty As long 
as hram tissue is supphed with glucose, and the 
enzyme systems concerned with the energy supply 
from the glucose are mtact, glutamate appears to 
permeate solely from the medium mto the tissue and 
not m the reverse direction^ But if the production of 
energy stops glutamate migrates from tissue to 
medium Analogous observations have been re- 
corded by Hams (1941), Wilbrandt (1940), and 
Maizels (1948), who studied the permeabflity of red 
blood cells for morgamc ions Normal red cells seem 
to be impermeable to cations hut when the rate of the 
energy -givmg reactions of erythrocytes is lowered, 
either by chiUmg, or by inhibitors such as fluoride, 
or by lack of glucose, potassium and sodium diffuse 
through the cell wall accordmg to the diffusion 
gradient Restoration of the energy -givmg reactions 
leads to redistribution of the cations towards their 
physiological state 

These observations, as well as those on swelhng, 
make it clear that m the cases studied the dommatmg 
factor m cell permeabihty is not any inherent and 
constant physical property of the cell wall, hke 
porosity or a hpid-sieve structure, but a mechanism 
dependent on the supply of energy When this 
mechamsm breaks down permeabihty changes and 
purely physical properties of the system come to the 
fore It has of course always been appreciated that 
the supply of energy is an essential factor when sub- 
stances are transported through cell walls m the 
procGjgses of secretion and absorption Hill (1931) 
and Krogh (1946) have already discussed the ex- 
tension of tins concept to the permeabihty of body 
cells m general, m particular also to the apparent 
absence of transport through the cell wall of cell 
constituents 

It would be premature to speculate on the nature 
of the mechanism by which energj^ is used to mam- 
tam concentration gradients An experimental 
approach to the problem might be based on the 
hj^othesis that electrical energy*' is the immediate 
form of energy which controls the movement of 
ions 

Accumulation of metabolites in tissues as a source 
of error vi quantitative experiments It has been 
customarj' to measure rates of metabolism m tissue 
slices by estimatmg the quantities of the metabohtes 
removed from the medium It is emdent that errors 
arise if the substances removed are not metabolized 
but stored m the tissue, or com ersely, if the tissue 
releases substances mto the medium from accumu- 
lated stores Tlie measurement of the true metabohc 
rates requnes m such cases the mclusion of the tissue 
in the anah sis 
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Accumulation of glutamate in micro organisms 
Reference should be made to the work of Gale on 
Gram-positive bacteria and of Taylor on yeast 
(reviewed by Gale, 1948) concemmg the relations 
between extracellular and mtracellular concentra- 
tions of glutamate and other ammo-acids The 
phenomenon of ammo -acid accumulation is in 
general very similar m certam micro-organisms and 
m auunal tissues, but details such as the quantitative 
relations between mtemal and external concentra- 
tion, the effects of inhibitors and of substrates show 
many differences This is hardly surpnsmg as the 
macro organisms themselves show great variations 
from species to species and withm the same species 
with vorymg ages of the culture 

SUMMARY 

1 Shces of gumea-pig bram cortex, when sus- 
pended aerobically m a saline medium containing 
glucose and L-glutamate, accumulate L-glutamate 
withm the tissue The transport of glutamate mto 
the tissue occurs against a concentration gradient 
Conditions for studymg this phenomenon have been 
elaborated 

2 Transport of l glutamate mto the tissue 
stopped when the difference between the concentra- 
tions m the tissue and m the medium was about 
0 02m 

3 The concentration of i-glutamate m the tissue 
fell when glucose was omitted from the medium 
Substrates which supported accumulation of glu- 
tamate were glucose, fructose, l lactate and pyru- 
vate, but m most experiments glucose was more 
effective than the other substrates Sucemate, a- 
glycerophosphate or excess of glutamate did not 
prevent the fall of the imtial glutamate concentra- 
tion m the bram, although these substances are 
readily oxidized by this tissue 

4 Wlulst bram shces retamed and accumulated 
L-glutamate, the very much larger molecules of 
the glutamic-aspartic transammase readily diffused 
from the shces mto the medium 

5 L-Glutamme was taken up by bram tissue a 
little more rapidly than L-glutamate, but the final 
concentrations reached were about the same 

6 Anaerobically no appreciable accumulation 
occurred, but glucose delayed the fall of the mitial 
concentration of glutamate m the tissue 

7 D -Glutamate was converted mto L-glutamate 
by bram shces 

8 Adenosmetnphosphate abohshed the inhibi- 
tion of bram glycolysis by glutamate It is suggested 
that the glutamate inhibition is due to an mteraction 
between glutamate and adenosmetnphosphate to 
form glutamyl-y.phosphate and that the removal of 
adenosmetnphosphate by this reaction isresponsible 
for the slowing down of glycolysis 


27 
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9 Accunnilation of glutamate also occurred m 
isolated kidney cortex, spleen, lung and chorion Six 
other tissues exanuned mamtamed a concentration 
gradient between tissue and medium, but did not 
mcrease the glutamate concentration above the 
origmal level 
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10 It IS pomted out that tissue shoes afford 
a system m which problems of permeability 
and storage can be studied imder controlled con 
ditions The permeabihty of bram tissue for 
glutamate is controlled by energy -givmg metabobc 
processes 
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The work described m Parts 1 and 2 of this com- 
mumcation represents an attempt to apply the 
principles of the flowmg chromatogram to the 
separation of orgamc electrolytes on synthetic lon- 
exchange resins The mtention has been to develop 
the method for apphcation to biochemical prepara 
tions on a fairly large scale, smce the special pro- 
perties of the resins render them particularly suitable 
for tins purpose The possibihty of usmg an adapta- 
tion of the method for the quantitative analysis of 
mixtures of bases has not been considered here 
A prehmmary account of tins work was published 
m 1947 (Bendall, Partridge & 'WestaU, 1947, 
Partridge 'WestaU & BendaU, 1947), and soon after- 
wards an analytical procedure based on similar 
prmciples was published by Drake (1947) Both 
methods are based upon the techmques described by 
Tiselius (1943) and Claesson (1946), who apphed the 
prmciple of ‘ displacement development ’ to separa- 
tions on adsorption col umns of carbon or alumina 


and developed a quantitative analytical technique 
smtable for apphcation to smaU quantities of 
material 

The advent of the sulphonated cation exchange 
resins has made it possible, for the first time, to 
effect the quantitative adsorption of cations fi'om 
solutions of neutral salts, whilst the development of 
ion exchangers of the polyamme formaldehyde type 
has aUowed the removal from the resultmg solution 
of the anions hberated m the form of free acids 
Many apphcations of the newer synthetic resms for 
the purpose of removing undesired electrolytes from 
biological solutions have been reported (cf Platt & 
Glock, 1943, Partridge, 1948), but the techmque to 
be described here seeks to take the use of lon- 
exchange resms a stage further by effectmg the 
chromatograpluc fractionation of both the acids and 
the bases present m the solution with a view to the 
eventual isolation m a pure condition of such com 
ponents as may be of mterest 
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la order to make the prmciples of the teclmiqxte 
clear from the outset, the essentials of the method 
(as particularly apphed to the fractionation of a 
mixture of bases) may be stated briefly as follows 
A solution of the mixture of bases to be separated is 
mtroduced on to a column containing a cation- 
exchange reagent, and the components of the 
mixture are displaced down the column by apphca- 
tion of a solution of a base that is more strongly 


visible, the separations that take place on the column must 
he followed by measuring changes m composition o e 
effluent, and means are reqmred whereby quahtative and 
quantitative information may be obtamed contmuousty as 
the solution flows from the column Various methods ot 
foUowmg changes m the physical properties of the effluent 
m flowmg chromatograms have been suggested (Glaesson, 
1946), but the three methods found most smtable for the 
purpose of the present work are (a) contmnons measure 
ment of electrical conductivity, (6) contmuous measure- 



(tf) 


(b) 


(c) 


Fig 1 Column assembly (a) Front elevation, (b) side elevation, 
(c) upper portion of column showing inlet and float 


adsorbed than any of the bases m the mixture Once 
n flownng eqmhbrium has been established, the less 
strongly adsorbed bases are successively displaced 
by tlioso having n stronger afiimty for the ion 
exchanger, and the components of the mixture pass 
down the column m a series of discrete bands, finally 
flowing from it in an order dependent upon the 
strength mth w Inch thes are adsorbed 

In the experiments described m Part 1 of tins 
senes the cation exchanger ‘Zeo-Karb 215’ was 
used Tins resin may be obtamed from the Permutit 
Co Ltd , London 

Z^IETHODS 

Sinct. lu g-.wct\\l the bawd's, formed b-s electrolytes adsorbed 
on columns packed with ion exchange resins are not clearl-v 


ment of hydrogen ion concentration, (c) titration of small 
successive volumes of effluent 

To these three physical methods may be added a fourth 
that depends specifically on the chemical constitution of 
the solute In the separation of mixtures of ammo acids it 
IS usually of advantage to take a large number of samples 
from the effluent at fixed mtervale, and •to carry out the 
quahtative analj^is of each sample by use of the filter paper 
chromatogram of Gonsden, Gordon & Martm (1944) 
Measurement of pH and electrical conductivity Fig 1 
illustrates the form of apparatus adopted for small scale 
laboratoiy investigations The umts of the assembly were 
interchangeable, and consisted of blocks of ‘Perspex’ which 
were accurately machmed and fitted one above the other in 
a frame constracted from the same matenak The assembly 
compnsed (1) a senes of mterchangeahle blocks designed to 
cany columns of vaiymg diameter, (2) a block canymg the 

27-2 
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conductivity cell, (3) a block carrying a tap for regulating 
the rate of flow of the solution, (4) a block carrying the 
glass electrode eeU In use the blocks were sealed together 
by means of a thm film of soft petroleum jelly 
The column (A) was of glass and was closed by a per 
forated disk of Perspex (B) above which was a thin uniform 
layer of glass wool The black platmnm electrodes (C) were 
1 cm m diameter, and were accurately fitted mto the flat 
faces of a cylmdncal cavity So that only one face of each 
electrode was exposed to the solution The electrodes were 
connected by platmum wire to the termmals (D) mounted 
on the back of the Perspex block Regulation of the rate of 
flow of the solution was earned out by means of a tapered 
tap (B) made from Perspex and lubneated with vaselme 
The glass electrode (G) consisted of a bulb blown on the end 
of a tube of soft glass (Coming, 016) and was mounted m a 
cylmdncal cavity (diameter 16 mm ) in the lower bloek 
The tube carrying the bulb (which m use was filled with 
0 1 n-HC 1) was sealed at the open end by means of a 
threaded Perspex collar provided with a screw cap and a 
rubber g^^aket through which a silver wire passed to the 
termmal The KCl bndge connexion was made by leading 
a fine glass capfllary (B) to a position immediately below 
the bulb 

To avoid the possibflity of eleotnoal leakage from the 
conductivity eeU to the glass electrode ceU the hqmd level 
m the latter was not aUowed to nse above the centre of the 
bulb, and an annular recess was provided m the base of the 
tap section (shown at m Fig 1) m order to mduoe the 
liquid to faU on the electrode bulb m the form of smaU drops 
The resistance of the conductivity ceU was measured by 
means of a ‘MuUard’ bndge energized by a 1000 cycle 
oscillator, while pH was record^ as millivolt (mV ) 
readings by means of a ‘Umcam’ potentiometer 
Beiermtnatton of hreah-through volumes When a solution 
of a base is passed through a cation exchange column a 
‘band’ forms on the upper part of the column and the 
elfluent at first consists of pure solvent only The region 
of partial saturation m front of the band is caUed the 
‘boundary’ of the band, and under varymg conditions the 
boundary may be sharp or more or less diffuse As further 
solution IS apphed the band extends downwards, and when 
the boundary reaches the bottom of the column the con 
centration of the solute m the effluent rapidly mcreases imtil 
finaUy the solution fiowing out has the same concentration 
as that flowing m At this pomt the whole of the column 
material is m eqmlibnum with the mflowmg solution 
The changes m concentration of the effluent may usually 
be measured by direct titration, and Fig 2 shows a volume 
concentration curve obtamed m this way The volume Fj 
(Fig 2) represents the volume of water contamed m the 
apparatus before the experiment begins and moludes the 
water enclosed withm and between the particles of ream 
To obtam a value for Vf, the apparatus is first weighed 
empty The column is then packed, and the water level 
adjusted to a fixed mark on the column after which the 
apparatus is reweighed The weight of the dry resm is then 
subtracted from the difference m weights so obtamed, thus 
giving the total weight of water initially present m the 
apparatus V„ (Fig 2) is the volume of effluent measured to 
the pomt at which the solute first breaks through, while 
is the volume of effluent measured to the pomt at whieh the 
outflowmg solution reaches 90 % of the concentration of the 
solution supphed to the column F, represents the hreak- 
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through volume calculated on the assumption that the 
boundary is perfectly sharp, and is denved by fixing the 
position of the fine DB such that the area ABG equals the 
area ADE Thus the weight of solute adsorbed by the resin 
IS given by C X V , , where G is the concentration of the m 
floivmg solute Unless otherwise stated, the values given 
for Fq , Vgg and F^ in this paper are corrected for the smaU 
volume Vf 



Fig 2 Volume concentration curve for effluent from 
0 042ir NHj solution on ‘Zeo Ehvrb 216’ (1 45 g mesh 
size 120-160) contamed in a column 8 6 mm m diameter 
(volume axis shortened) 

Gonstruclioii and packing of the columns Faults m the 
construction or packmg of columns may often be recognized 
from the shape of volume concentration curves of the type 
given m Fig 2, which shows the typical curve obtained 
from a well packed column With faultj columns Vgo — Fo is 
mcreased and the curve may be markedly sigmoid m shape 
or may show the presence of a ‘ foot’ due to distortion of the 
boundary as it progresses down the column 

Various methods of packmg the column were mvestigated 
The techmque usual m adsorption chromatography, m 
which the columns are packed dry and tamped at frequent 
mtervals, was found to be unsmtable for use with ion 
exchange resms, smee the expansion that takes place as the 
resm swells in water tends to disturb the uniformity of 
distribution of the particles The method finally adopted as 
a standard procedure for packing the cation exchange resm 
‘Zeo Karb 216’ was as follows The resm, after grmdmg m 
a dry condition m a hammer mill, was graded by sievmg 
The graded ream was allowed to swell m 6n HCl overnight, 
and was then treated alternately two or three tunes with 
2 n HCl and 2 n NaOH by sedimentation m a beaker 
Durmg this process a certain amount of fine material that 
gave nse to a cloudy suspension m water was rejected, and 
thefinal supematantfluid w as clear and colourless The resm 
was then washed with distilled water untd substantially free 
from HCl and dned at room temperature on open trays 
A water-content determmation was made on the sample of 
resm by drymg to constant weight over PjOs tn vacuo at 
80'’, and the value was used to calculate the true dry weight 
of the resm mtroduced mto the column A weighed quantity 
of the resm w5s allowed to swell m water and was com 
pletely transferred m small portions to the column, which 
was previously filled ■with water As the particles of resm 
fell to the bottom of the column, water was allowed to dnp 
from the lower tap m order to avoid the disturbance caused 
by the upward displacement of water by the falhng resm 
In this way the column was built up as a senes of flat 
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laminae and no attempt was made to consolidate it by 
tampmg or tapping The column, once made, was not 
allowed to dram dry and was always kept with a small 
depth of water above the ream Before use the column was 
treated two or three tunes alternately with 2n HCl and 
n-NHj, and after finally activatmg with 2 n-HC 1, was 
washed with distilled water until the conductivity of the 
effluent reached a steady value 

The design of the column has a marked influence on the 
sharpness of the boundanes obtamed m separation expen 
ments, and particular attention should he paid to the con- 
struction of the lower onfice The type of construction 
shown m Fig 1 (a and 6), which embodies a perforated 
plate (B), has given good results m practice, and was 
designed to ensure that the boundary leaves the column in 
a uniform manner and is not impeded or distorted by a dead 
space at the shoulders of the outlet tube 
The arrangement of the inflow to the column is also im- 
portant The hqmd entermg the column should m no case 
lie allowed to flow down the side smce this usually gives 
nse to a slopmg boundary which, once it is formed, fre 
quently persists throughout the experiment Fig 1 (c) 
shows an arrangement that has proved satisfactory The 
i\ ater level is mamtamed a httle above the top of the ream 
and a small spherical glass float (K) is mtroduced m order to 
break the force of the falling drops of solution. The solution 
IS mtroduced from a separatmg funnel through a glass tube 
(ilf) winch is drawn out to a capillary to reduce the size of 
the drops The water level m the column is mamtamed at 
a fixed position throughout the experiment by mampulation 
of the side tap (L) 

RESULTS 

Construction of ^retention isotherms' The reten- 
tion of bases and ampholytes on the cation exchange 
column may be expressed quantitatively m the form 
of an ‘isotherm’ in which the amount of substance 
adsorbed/g of adsorbent is plotted agamst the con- 


hydroxyl groupmgs which accept cations from the 
more strongly alkahne solutions but are mert under 
conditions of lower pH 



0 DOS 010 0-15 

Concentration (c) (mmol /ml ) 


Fig 3 The retention of ammoma and a number of ammo 
acids on ‘Zeo Karb 216’ (80-100 mesh) The experiments 
were earned ont with a column 8 6 Tnm m diameter con- 
taining 1 44g ‘Zeo Karh’ (dry wt ) 


centration of the solution Such curves may be 
plotted from measurements of at various concen- 
trations of the solute, usmg columns contammg a 
Imown weight of resm If « is the amount of solute 
adsorbed (milhmol /g dry wt of ream), TF the 
dry weight of the resm, and c the concentration 
(millimol /ml ) of the solution flowing mto the 

colmnii, then „ 

Rxe 



Fig 3 shows the retention curves obtamed by tins 
method for ammoma and a number of ammo acids 
usmg ‘Zeo-Karb 215’ 

The cur\ es gi% en by the stronger bases show con- 
siderable domation from the Langmuir adsorption 
equation (Langmuir, 1918) Tins behamour is to be 
expected since m expermients of the land illustrated 
ni Fig 3, 111 winch decreasmg concentrations of a 
Imse are applied to the colunm, there are two 
oflcctue variables, the concentration of the cation 
and the concentration of hj drogenions In addition, 
"incc the resm used is of the sulphonated phenol- 
formaldolu do tv^pe, it possesses w eakly acid plienohc 



pH of Inflowing solution 


Fig 4 Adsorption of Na+ from 
NaOH (0 053i<) adjusted to 
of acids 


a range of buffers contammg 
pH 12 1-1 1 by the addition 


The effect of the hydrogen -ion concentration of 
the inflowmg solution is illustrated m Fig 4 m 
which e IS plotted for the adsorption of sodium ions 
rom a range of buffer solutions each contammg 
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NaOH (0 063 n) The solutions were adjusted to 
pH 12 6-1 1 by the addition of various acids The 
buffer solutions were as follows pH 12 6-9 36, 
NaOH + boric acid, pH 6 9, NaOH + ISTaH^PO^ , 
pH 4 7, NaOH + acetic acid, pH 2 1-1 1, NaOH 
+ HC1 The resulting curve of e values (Fig 4) is 
plainly a titration curve of the resin, but differs from 
the usual form of such curves m that the concentra- 
tion of sodium ions m the system has been mam- 
tamed at a constant value The shape of the curve 
shows that there are two mam absorbmg groups a 
strongly acid group (approx pK 1 6) which is pre 
Bumably the sulphomc acid radical, and a senes of 
weakly acid groups of pK >10 which may be identi- 
fied with phenohc residues These latter may be 
modified by the formation of qumonoid structures, 
and for that reason may be more strongly acid m 
reaction than is the case with simple phenols 

In Fig 4 the range pH 0-3 represents the region 
over which the sulphomc acid radicals of the resm 
are bemg titrated by the base and the reaction may 
be represented by 

i?H + Na+£=^F- Na+ + H+, 


where FH is the hydrogen form of the resm (The 
symbol E~ Na+ is used to represent the dissociated 
resm salt m which movement of the cation Na+ is 
restricted by the effect of the negative charges on the 
resm ) From this 


[i?- Na+] [H+] 
[HH] [Na+] 


(u) 


The term 


[H- Na+] 


may be replaced by 


[HH] -- (.„,-.)• 

where is the maximum adsorption of Na+ m 
mmol /g of resm (dry wt ) by the sulphomc acid 
residues of the resm Thus 


K = 


e [H+3 
- e) [Na+] 


(m) 


A value for is given by the ordmate of the 
horizontal section (pH 6-6) of the experimental 
curve (Fig 4), and K may be calculated by use of 
equation (m) from any experimental pomt on the 
curve m the range pH 0-3 Tlie dotted portion of the 
curve m Fig 4 (between pH 0 and 7) was calculated 
from (m) takmg = 2 36 and = 0 82 

Over the region pH 3-7, e approaches and the 
system becomes insensitive to changes m [H+] In 
this condition the resm acid may be regarded as fully 
ionized with respect to the sulphomc acid groups and 
the reaction with a cation may be written 

R- H+-H-B+£=^JJ- H+4-H+ 


In this system the negatively charged centres R- 
are restricted m movement by attachment to the 
polymer, and a condition approachmg electrical 
neutrality is mamtamed by the orientation of 
cations, hj drogen ions or the ions of ampholytes 
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about the negative centres The adsorption of a 
cation B+ will therefore be affected by conditions 
relatmg to the size and charge of the cation and its 
activity m the external solution Where anions are 
present m the external solution they will also be 
present to some extent m the resm gel and ‘adsorp 
tion’ of amons by the resm may be considerable 
where B+ is polyvalent 

By application of the Donnan equation to the 
equihbrium between the resm gel and the external 
solution m the system 


/Na^+ 

K 


01 / 


Na + 




01 ,- 


Bauman & Eichliom (1947) derive the relation 

[Na/ 


[H^] [Na,] /Naj,’ 


(iv) 


where [Na^] and [Na,] are the concentrations of ]Sra+ 
m the resm phase and the solution phase, respec 
tively, and [H^j], [H,] are the correspondmg concen 
trations of H+ /Hjj and /Na^ are the molar activity 
coefficients of H+andi?+mtheresm phase Equation 
(iv) was shown to be vahd for dilute solutions of salts 
of monovalent morgamc bases From their expen 
mental results Bauman & Eichhom (1947) were led 
to the opmion that the ion exchange equilibria 
between monovalent metafile cations on Dowex 50 
(a resm that contams — SO3H as the only acidic 
radical) is determmed simply by the differences m 
activity coefficients between the outside solution 
and the very highly concentrated solutions in the 
resm gel, witliout mvolvmg any specific affimty of 
— SO3H groups for one ion over another 

The exchange reaction takmg place between two 
weak orgamc bases is, however, significantly different 
from that occurrmg between the salts of alkab 
metals, smee m the former case one base may depress 
the dissociation of the other, and the cations of the 
stronger base will therefore be more avadable to 
satisfy the negatively charged sites on the ream 
Thus m the special case of the exchange of organic 
cations between the resm and a solution of a weak 
base or ammo -acid, the effect of the stronger biise m 
suppressmg the lomzation of the weaker base m the 
hqmd phase becomes an important consideration, 
and, as wifi be shown later, there is a strong pre 
sumption that this effect is a factor m detennmmg 
the order of displacement of a series of orgamc bases 
and ampholytes 

The equation of Bauman & Eichhom (iv) is of the 
same form as the mass action equation (ui) and may 
be reduced to r-o- n 


L = - 


[B.r 


(V) 


where the two constants ^ and refer specifically 
to the exchange of hydrogen 10 ns for the cation 
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If the pH of the equihbritim solution is maintained 
at a constant value, [HJ may be neglected and 
equation (v) becomes 

This equation is of the same form as the ‘ adsorption 
isotherm’ of Langmiur (1918), and describes the 
adsorption of cations by the resm acid from a solu- 
tion of a base at constant pH It should therefore be 
apphcable to the adsorption of the acidic and 
neutral ammo -acids smce solutions of these show 
httle pH change on dilution The vahdity of equation 
(vi) for the adsorption of the ammo acids may be 
demonstrated by plottmg the values of e against 
e/CHJ From the data m Fig 3 the plots for glutamic 
acid, aspartic acid and glycme fall on a series of 
straight hnes at concentrations witlim the useful 
range 

The separation of mixtures of bases and ampholytes 
Fig 6 gives the results of a t5q)ical experiment m 
winch a mixture of three ammo acids was separated 
by displacement with ammoma solution In this 
experunent a mixture of aspartic acid, glycme and 
histidme was chosen for the reason tliat the iso- 
electncpomts of these ammo acids are well separated 
on the pH scale, and thus they show no tendency to 
form mixed bands on the column 



Fig 6 The separation ofaspartic acid, glycme and histidine 
by displacement -with 0 IOn NH, Smooth curve, re 
Bistance, X — x, pH values 

Tlie column used was 16 mm m diameter and 
400 mm high It contamed 28 g (dry wt ) of ‘Zeo- 
Karb 216’ which had previously been ground to 
40-60 mesh/m and prepared acoordmg to the 
directions aready given An aqueous solution (11) 
contammg L-aspartic acid, 2 0 g , glycme, 2 0 g and 
L-lustidme monohydrochlonde, 2 7 g was passed 
tlirough the column at a rate of 260 ml /lir , after 
which the column was washed with a further 600 ml 
distdled water m order to ensure the removal of 
residual hydrochloric acid from the ammo acid 
hydrochloride 


Displacement was carried out mth 0 ION-NH3 
(1210 ml ), which was mtroduced at a rate of 
200 ml /hr , and the effluent was collected m 10 ml 
fractions The conductivity of the effluent was re- 
corded contmuously during the run, and the results 
are plotted m the form of a smooth curve m Fig 6 
The figure also shows pH readmgs determined on 
every fourth fraction after the run was complete 

It inll be seen from the form of the curves that the 
course of the fractionation can be followed from the 
pH and conductivity measurements alone, but m 
order to provide a more sensitive check on the 
purity of the fractions, a drop of the solution was 
taken from each 10 ml fraction and introduced on 
to a filter paper cliromatogram This was irrigated 
with phenol and developed with nmhydrm accord- 
mg to the technique of Consden ct al (1944) The 
resulting chromatogram is represented diagram- 
matically m Fig 6 The lightly hatched areas at the 
leaduig and trailing edges of the amino-acid bands 
represent the presence of the ammo -acid as a trace 
only It 18 clear from tlie diagram that the effluent 
collected m fractions 1-42 contamed aspartic acid 
only, while those m fractions 66-92 and fractions 
101-114 contamed pure glycme and pure histidme 
respectively Fractions 115-121 contamed histidme 
and ammoma, but smce the latter may readily be 
removed by evaporation under redu9ed pressure, 
the material was smtable for addition to the mam 
histidine fraction 

Fractions 1-44, 66-92 and 101-121 were combmed, 
and m each case the solution was evaporated to 
small bulk under reduced pressure The concentrated 
solutions were then evaporated to dryness under 
vacuum A colourless crystallme product was ob- 
tamed m each case, in the yields given below, the 
purity of the fractions was confirmed by analysis for 
mtrogen 



Yield 

Yield 

(%) 

N (%) 

A 

Aspartio aoid 

(g) 

(Found) 

(Calc ) 

1 63 

81 6 

10 5 

10 6 

Glycme 

1 64 

77 0 

18 7 

18 7 

Histidme 

1 77 

80 6 

27 0 

27 1 


The concentration of the solutes in the effluent 
solutions For the purpose of designmg a smtable 
fractionation procedure it may be necessary to calcu- 
late the concentration at which each component will 
be dehvered from the column under given conditions 
The graphical method of Claesson (1946) may be 
adopted for this purpose In Fig 3 a hne OD is 
drawn from the ongm (0) to a pomt D on the iso- 
therm of the displacement developer winch repre- 
sents the concentration of the developer to be 
applied The pomt at winch the hne OD cuts the iso- 
therm of any component {A) gives the concentration 
at which the solution of A wiU flow from the 
eolviinii 
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Tlie gradient of QD is AeJAc and is a function of 
the break-through volume of the developer, thus 


WAe We, 


Ac 


= — 


(vu) 


where W is the weight of resm m the column and 
, Cg and Va refer to the developer D Similarly, 
for any other component A, 


WAe We, „ 

Ac G, 


(vm) 


where e,, C, and V , refer to the pomt of mtersection 
of the hne OD with the isotherm of A Thus the pomt 
of mtersection detenmnes the concentration of the 
component A such that Va=Va From this it is 
clear that if the component A is displaced by com- 
ponent D (apphed at concentration C,) and the 
column is sufficiently long for the estabhshment of a 
flowmg eqiuhbnum, then A will flow from the 
column at the concentration G, If A is mitiaUy 
apphed to the column at a concentration lower than 
C a, then the band due to A contracts on apphcation 
of the developer until the adsorbed solute reaches 
equihbnum with a solution of concentration G,, 
similarly, if A is mitiaUy adsorbed from a concentra- 
tion higher than G, the band mcreases m width 
durmg development 

The argument given above is vahd for a displace- 
ment experiment only m so far as the component is 
m the same lomc environment as prevails durmg the 
deteruunation of the mdividual isotherms This con- 
dition IS most probably completely fulfilled where 
weak electrolytes are adsorbed from orgamc solvents 
by such reagents as carbon, but may not be fulfilled 
m practical experiments with ion exchangers 
Nevertheless, where free bases such as ammoma, 
sodium hydroxide or barium hydroxide were used as 
displacement developers, the concentrations found 
by experiment showed ''good agreement with the 
calculated values Displacement with solutions of 
salts, however, mtroduces the comphcation of an 
amon, and under such circumstances a calculation 
based upon the isotherms determmed for the free 
bases is rendered valueless 

Where displacement experiments are earned out 
on a mixture of solutes it is important to ensure that 
the concentration at which the least soluble com- 
ponent IS displaced does not greatly exceed its solu- 
bflity m the solvent, for should this occur anomalous 
results may be obtamed due to the formation of 
crystals m the column However, m practice, it is 
often possible to displace a solute at a concentration 
shghtly m excess of its solubility, and m this case 
crystals of the pure solute may appear m the 
fractions taken firom the effluent This effect was 
observed m the separation expenment illustrated m 
Fig 5 In tins expenment 0 lON-ammoma was used 
for displacement, and crystals of aspartic acid 
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appeared m the effluent solution soon after the 
fractions were collected 

The order of dtsplacement In displacement chro 
matograms carried out on adsorbents such as carbon, 
the order of displacement of a series of solutes is 
given directly by the relevant isotherms, the solutes 
that are adsorbed to a greater extent displacing 
those adsorbed less strongly (Claesson, 1946) "Where 
ion exchangers are used this rule is not umversally 
apphcable, and anomahes are noted particularly 
where mixtures of monovalent bases, divalent bases 
and ammo-acids are displaced from cation exchange 
columns Table 1 lists a number of bases and ammo 
acids m the order m winch they are displaced from 
‘Zeo-Karb 215 ’ and shows that this order does not 
foUow exactly the order of decreasmg values of e 
The brackets m the table mclude pairs of solutes 
that form mixed bauds on the column 

If we consider a pomt on a column at the boundary 
between two bands, both solutes will be present m 
the hqmd phase, and the stronger base will tend to 
suppress the lomzation of the weaker Thus the 
stronger base will be preferentially adsorbed, and 
for this reason it would be expected that the pH of 
the emergmg solutions would give a more exact 
gmde to the order of displacement than the values 
of e, wluch are affected by the specific effects of the 
cations The results given m Table 1 bear out this 

Table 1 Retention data for a number of bases 
and ampholytes on ^Zeo-Karb 215’ 

(The bases are given m the order of displacement, but the 
substances included m the brackets do not separate on the 
column e is the amount of solute (mmoL) retamed by 1 g 
of dry resm from a solution of concentration c (mmol /ml ) 
when this is passed contmuonsly through a column of the 


resm ) 

Equihbnum 

e 

pH of 


oono (c) 

(mmol /g 

emergmg 

Substance 

(mmol /ml ) 

diy wt ) 

solution 

/NaOH 

0 071 

4 77 

12 9 

iBalOHlj 

0 06 

3 3S 

12 7 

Ammoma 

0 06 

3 70 

11 0 

Lysme 

0-06 

3 20 

97 

Ansenne 

0 036 

2 36 

8 3 

(•Camosme 

0 036 

2 36 

82 

tCreatmme 

0 041 

2 76 

82 

Creatme 

0 06 

2 60 

7 0 

Glyome 

0 06 

2 36 

6-0 

fSerme 

0 05 

2 26 

6 1 

IGlutamic acid 

0 06 

2 20 

32 

Aspartic acid 

0 05 

1 98 

2 8 


general rule , thus, although m general the values of e 
and the pH of the emergmg solutions run parallel, 
there are certam irregularities, and the order of 
displacement appears to be more accurately given 
by the order of pH Subsequent experience has 
shown that' the pH rule is useful for the purpose of 
predictmg the expected position of bases and ammo 
acids m flowmg chromatograms The pH of a solu- 
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tion of an ammo-acid, as it flows from a cation- Fig 6 gives a clear mdication of the effect of m- 
kchange colimm, hes near its isoelectric pomt, pro- creasmg particle size on the mdth of 

^nded that the mixture of solutes is displaced by a obtamed and also shows a rather \ 

base and amons are excluded from the sj^tem the same direction due to increasing the rate of flm 

Tlie behaviour of serme presents an important of the solution The value of A«, is clearly related to a 

exception to the pH rule smce this ammo-acid forms power of the average particle diameter and, except 

a miLd band with glutamic acid at smaU values of {F« - Fo) is nearty proportional to 

Factors influencing the loidth of the houndarm the rate of flow of the solution Tins is 
Fig 2 represents the variation m concentration of agreement with tlie predictions of Glueckauf (1947) 
the solute as a band emerges from the column The 

values for Vi,V^, Fo and V, are readily determmed 8p— i \ -i — i 

experimentally, and it is clear that the expression 7 . 

7go— Fo gives an mdication of the sharpness of -- 

the front leavmg the column The height (Ago) of ^ 

the cylmder of column material occupied by the ^ s - 

boundary of the front is given by | ^ 

(IX) I 3 - 

* « n ^ 

^ 2 - - 

where A IS the length ofthe column mem may be k - --xi ^ 

called the ‘ boundary width ’ and smce (Fgo- Fo)/F ’ ' 80-ioomeih 

IS mdependent of the cross-sectional area of the ^1 1 1 1 

column and varies mversely as its length, Ago is mde- 

, , , , 1 ,11 Li . 1 S (progreulon of boondary cmJhr) 

pendent of both the diameter and the length of the 

column The value of Ago is characteristic of the Pig q pije effect of particle size and rate of flow on the 
sample of ream, and is mcreased with mcreasmg width of the boundary of an ammonia front (NH4+ 
particle size and mcreasmg rate of flow of solution displaomg H+ from ‘Zeo ICarb 216’ ) 

(of Glueckauf & Coates, 1947) Smce Ago is dependent 

upon the rate at which equihbration is attamed its The determmation of values for Ago for a senes of 
value may be affected by variations m temperature sieve-graded sizes offers a method for assessing the 
and should be greater with solutes of high molecular smtabihty of a resm for the purpose of displacement 
weight Measurements of Ago are most easily carried chromatography, and expenence so far obtamed 
out by examimng the front given by a amgle basic mdicates very large differences m Ago for various 
component displacmg H+ from the ion exchanger reams However, mcomparmg the boundaries given 
However, the boundary between two basic com- Ay two different resins for the same solute, the 
ponents may also be exammed, and m those cases adsorptive capacity of the resms for the solute 
where the two components do not differ greatly m should be taken mto account, if one of the resins 
strength as bases the value of Agg is frequently found adsorbs less of the solute, then a longer column can 
to be very large This subject heis been discussed m A® used to handle a given weight of the solute and 
relation to the shape of the two-component isotherm width of the boimdary that can be tolerated will 

by Glueckauf (1947) mcrease proportionately For this reason it may be 

In Fig 6 values of Agg are given for*a number of preferable to compare the values of Agg X c for a senes 


'ig 6 The effect of particle size and rate of flow on the 
width of the boundary of an ammoma front (NH4+ 
displaomg H+ from ‘Zeo ICarb 216’ ) 


The determmation of values for Agg for a senes of 
sieve-graded sizes offers a method for assessing the 
smtabihty of a resm for the purpose of displacement 
chromatography, and expenence so far obtamed 
mdicates very large differences m Agg for various 
resins However, m comparmg the boundaries given 
by two different resins for the same solute, the 
adsorptive capacity of the resms for the solute 
should be taken mto account, if one of the resins 
adsorbs less of the solute, then a longer column can 
be used to handle a given weight of the solute and 
the width of the boundary that can be tolerated will 
mcrease proportionately For this reason it may be 
preferable to compare the values of Agg X c for a senes 


samples of ‘Zeo-Karb 216’ of different particle size 
which were graded by sieving m the dry state The 
solution used for the detemnnations of (Fgg— Fg)/Fe 
was m each case 0 O42N-NH3, and all the results 
were obtamed with 1 44 g of resm (dry wt ) packed 
m a column 8 5 mm m mtemal diameter In the 
figure, Agg has been plotted against the rate (S) at 
which the boimdary travels down the column m 
cm /hr S may be measured mdependently of the 
dimensions of the column, and for this reason it was 
used m preference to the rate of flow of the solution 
(v ) , iS and v are related by the expression 

® = (x) 

where v is expressed m ml /lir 


of related resins of differmg adsorption capacity, 
rather than the direct values of Agg The performance 
of ‘Zeo-Karb 216’ was excellent when compared 
with that of other resins mvestigated, and inspection 
of Fig 6 shows that, with this ream, httle advantage 
is obtamed from grmdmg the resm to a particle size 
smaller than 80-100 mesh/m For this reason 80- 
100 mesh powder has been adopted as standard for 
smaller columns, but smce, for longer columns, there 
IS advantage to be obtamed from the higher rates of 
flow obtamable with larger particles, a powder 
sievmg between 40-60 mesh has usuaUy been used 
for experiments on a larger scale 

The values for Agg given m Fig 6 were obtamed for 
ammoma solution, but parallel experiments earned 
out on more basic substances than ammoma (NaOH, 
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Ba(0H)2 aad argmme) gave much broader bound- 
aries, while the weaker bases (creatme, creatmme, 
glycme) gave values for Ajo rather lower than those 
given by ammoma The volume-concentration 
curves for the stronger bases were very sharp at the 
pomt of mitial break-through, but became very fiat 
as the concentration of the efBuent reached 50-60 % 
of that of the mflowmg solution This effect is clearly 
illustrated by Fig 7, m which the volume -concentra- 
tion curves have been plotted for a senes of buffer 


pure matenal recoverable from the band of the first 
component (A) issuing from the column is given by 


percentage yield = 



X 100, 


(xi) 


aad that of any other component (M) is given by 


percentage 



X 100 


(xu) 


(Symbols are as mdicated m Fig 8 ) 



Fig 7 Volume concentration curves showing the shape of 
the fronts ohtamed on ‘Zeo Karb 216’ (80-100 mesh) 
with buffer solutions containmgNa+ (0 053 ai) and vanous 
anions I, NaCl -1- HCl (pH 1 1) , U, NaCl -t HQ (pH 2 1) , 
ni, Na acetate -f acetic acid (pH 4 7), IV, NaHjPOi 
-fNaOH (pH 6 9), V, bone acid+NaOH (pH 9 35), 
VI, bone acid-)-NaOH (pH 11 1), VII, NaOH (pH 
12 5 ) 

solutions m which the concentration of the Na ion 
was mamtamed at 0 063m and the pH adjusted by 
addition of vanous anions The experiments were 
carried out on ‘Zeo Karb 216’ (144g dry wt , 
80-100 mesh) packed mto filtration tubes 9 mm m 
diameter to form a column 7 6 cm high At low 
values of the pH the fronts were m every way typical 
of those given by weak bases, but under strongly 
alkalme conditions the fronts became very diffuse, 
although they remamed sharp at the pomt of break 
through and showed no tendency towards a sigmoid 
shape 

The diffuse character of the boundaries at high 
values of pH is beheved to be due to the reaction of 
strong bases with the free phenohe-hydroxyl groups 
m the resm, and fronts of the shape found would be 
expected if this reaction were slower than the re- 
action of the bases with — SO3H The poor boundaries 
given by the stronger bases, together wnth the 
excessive swelhng of the resm that occurs m strongly 
alkalme solutions, renders ‘Zeo-Karb 215’ rather 
unsuitable for use withbases stronger than ammoma 
Tins IS unfortunate, smee the important ammo -acid 
argmme is mcluded m this category 

T/ie relation of Ajo to the yield of pure component 
obtainable from a separation Inspection of Fig 8 
shows that the approximate percentage yield of 


r''i 


! I 


I ^ ^ 

L j 

.u 

' ^ j 

I N 

L 





Direction of flow 


Fig 8 Diagram of the bands (A, B, , M, N) on a dis 
placement chromatogram showmg the botmdanes of the 
bands (boundary width, , Ago , , AgJ , A”;,) 


In some cases (where the values for A^o are small, 
and the components in the system are well separated 
m strength as bases) it may be sufficient to make the 
simplifying assumption that all the values for A90 sxe 
equal, m which case the percentage jneld of the first 
component becomes 

and that of any other component (M) is 

|l_^jxl00 (’^v) 

The degree to which this procedure is vahd is 
mdicated by the data m Table 2, wluch bats values 
for A^ for a number of boundaries on ‘Zeo Karb 216 


Table 2 The vndth (A^q) of vanous boundaries 
on ‘‘Zeo-Karb 216’ 


Boundary* 

H+ ammoma 
H+ ammoma 
H+ lysme 
H+-hiHtidme 
H+ glycme 
H+ serme 
H+ glutamic acid 
H+ aspartic acid 
Histidine ammoma 
Glycme histidmc 
Creatmme ammoma 
Glycme creatmme 
Aspartic glycme 


Mesh/m 

Rate (8) 
(cm /hr ) 

A(o 
(cm ) 

40-60 

10 

2 00 

80-100 

10 

1 26 

80-100 

6 

240 

80-100 

6 

2 66 

80-100 

6 

0 66 

80-100 

6 

1 27 

80-100 

6 

2 10 

80-100 

5 

2 10 

80-100 

6 

2 14 

40-60 

10 

3 10 

80-100 

6 

0 80 

80-100 

6 

0 80 

40-60 

10 

3 60 


* ‘H+ ammonia’ mdicates the boundary of a front due 
to ammoma progressmg down a column of the J^tion ex- 
changer m its acid form at a rate of 8 cm /hr , histidme 
ammoma’ mdicates the boundary of a front due to ammoma 
when this is displacmg histidme from the cation exchanger 
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The boundaries m which a base displaces H+ are lap with one another over a 
generally rather narrower than those m winch one been termed the boundary th 
base IS displaced by another However on the of the boundary detennmes the fractl ^ 

80-100 mesh resm the values he m the range 0 66- ponent which may be isolated m a pm 
2 66 while on 40-60 mesh resm the corresponding and is affected by the experimental an ^gpijataae 
range is 2 00-3 60 adopted and by the properties of the resi 

For the purpose of calculatmg the minimum Two properties off the resm are therefore ot 
length of column required to carry out a specified ridmg importance, the adsorptive properties m 
separation, and to fonn an estimate of the expected different conditions of hydrogen-ion concentratic 
jaeld, we may adopt a tentative average value for and the width of the boundaries observed under 
Ago If this value is taken as Ago = 3 0 for separations standard experimental conditions 
on 40-60 mesh resm at g = 10 cm /lir , the ‘ expected These two factors have been studied m some detail 
yields’ for the separation shown m Fig 4 may be and the results obtamed provide the data required 
calculated as follows for the rational pla n n in g of attempts to fractionate 

The column contams 0 7 g (dry wt ) of ‘ Zeo-Karb complicated mixtures of biological origm on a fauly 

215 ’/cm length Smce 0 10 isr-NHa solution was used large scale 

for displacement the data m Fig 3 shows that, at SUMMARY 

equihbnum, € (histidme) = 2 82 mmol /g , e (gly- 

cme) = 2 4 mmol /g and e (aspartic acid) = 198 1 The prmciple of displacement chromatography 

mmol /g The heights of column occupied by lusti- has been apphed to the separation of bases and 
dine, glycme and aspartic acid are, therefore, 7 2, ampholytes on columns packed with the synthetic 
16 9 and 12 8 cm respectively Thus the ‘expected cation-exchange resm ‘Zeo-Karb 216’ 
yields’ of aspartic acid and histidme (from (xiu)) are 2 Separations were followed by observmg 

88 4 and 79 2 % respectively, while the expected changes m the composition of the effluent solutions 
yield of glycme (from (xiv)) is 81 2 % These figures Four general methods were adopted for this purpose 
compare with the values found aspartic acid, (a) contmuous measurement of electrical conduc- 
81 6 %, histidme, 80 6 % and glycme, 77 % tivity, (b) contmuous measurement of pH, (c) titra- 

tion of successive small fractions, (d) qualitative 
DISCUSSION analysis of successive fractions by means of the 

filter-paper chromatogram 

The apphcation of the prmciple of displacement 3 Data for the adsorption of various bases and 
chromatography to columns packed with cation- ammo acids on ‘Zeo-Karb 216 ’are given m the form 
exchange resins enables a comphcated nuxture of of retention isotherms The curves are satisfied by 
bases and ampholytes to be separated mto a senes of the well-known equation of Langmuir, provided 
cuts, each of which contams those components of the the change m pH with dilution of the solute is 
mixture which have closely similar strength as bases small 


Thus a mixture of ammo-acids may be resolved mto 
a senes of fractions each containmg ampholytes of 
similar isoeleetnc pomt The isolation of pure com- 
ponents (from a smgle passage through the column) 
may only be expected when the mitial mixture does 
net contam bases of closely similar strength, and m 
general, for ampholytes, a difference m isoeleetnc 
pomts of 0 5-1 0 pH umt is required to effect a 
useful separation between any two components 
Tlie present commimication is confined to experi 
ments with mdividual bases and ammo -acids and to 
the separation of simple mixtures, the purpose of the 
work bemg to establish the prmoiples of the method, 
to collect adsorption data and to acquire a detailed 
picture of the relevant properties of a typical com- 
mercial resm of proven smtabihty to the purpose 
A simple theoretical treatment has been outhned, 
but the physics of the rather comphcated processes 
involved has not been pursued beyond the pomt 
required to develop a workmg rationale 

It IS mherent m the nature of the displacement 
cliromatogram that smgle-component bands over 


4 Effective separation between two components 
of a mixture of ampholytes was obtamed on the 
column, provided that the components were 
separated by more than 0 6-10 pH umt m iso- 
electric pomt 

6 The effect of hydrogen-ion concentration on 
the adsorption of bases by ‘Zeo-Karb 216’ was m- 
vestigated , over the range pH 1-7 the sulphomc acid 
residues m the resm constituted the only reactmg 
group Under more alkalme conditions, phenolic 
residues also react with bases 

6 The reaction of phenohe residues with strong 
bases reaches equihbnum slowly, and for this 
reason resms that contam residual phenohe groups 
are unsmtable for the separation of bases stronger 
than ammoma 

7 The effect of the particle size of the resm on the 
width of the boundaries of smgle component bands 
was mvestigated Fme grmdmg was found to be 
essential for the production of sharp bands, and for 
general use a resm graded between 40 and 60 mesh/ 
m wire sieves was satisfactory 
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I ^ jaoreo^ ®f progression of the 

I ® /iniTii column decreases the sharpness of 
I t^Z^ds 215’ (40-60 mesh/in ) a 

I ^^^^pj-ogresBionoflO-ld cm /hr gave satisfactory 

I result 

I g £;quations have been derived permittmg the 
/ cnioxil&tion of the proportion of the column occupied 
/ by Bj component, the vadth of the boundaries and the 
I expected yield of pure components m separation 
I experiments 
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10 Details of a specimen separation are given, 
and the yields obtamed compared with estimates 
derived from theory 

The authors wish to thank Dr E C Bate Smith for his 
mterest and encouragement We are mdebted to Mr J R 
BendaU and Dr N E Topp for much help and advice 
Mr D F Elsden earned out the partition chromatograms 
The work desenbed m this paper was earned out as part 
of the programme of the Food Investigation Organization 
of the Department of Scientific and Industnal Research 
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Purification of Alkaline Phosphatase 

By mam ABUL-FADL* and E J Postgraduate Medical School, London, W 12, 

J ROCHE AND NGUYEN -VAN THOAI, College de France, Pans 

{Received 30 July 1948) 


Thoai, Roche & Sartori (1944) claimed to have 
isolated and crystallized the alkalme phosphatase 
(phosphomonoesterase) of ox kidney The isolation 
of sundar crystals from dog mtestmal mucosa by the 
same workers has been reported by Roche (1946) 
These authors pomted out that the crystals lost their 
activity after a few recrystalhzations This they attri- 
buted to a denaturation or loss of coenzyme By 
dialysis and reactivation Thoai, Roche & Roger 
(1947) obtamed amorphous preparations which were 
more active than the crystals The procedure adopted 
for the preparation and purification of the enzyme 
was a modified Albers & Albers (1936) techmque 
FoUowmg the same procedure, we have obtamed 
very smnlar crystals which, m the first instance, 
showed high phosphomonoesterase activity But 
after careful purification of these crystals it has been 
found that they are prmcipaUy composed of morgamc 
matter which appears to be magnesium orthophos 
phate After careful dialysis for a prolonged period 
the crystals can no longer be obtamed from the 
dialyzed enzyme preparations by any procedure 
tried, but the enzyme activity is not affected and 
can be completely restored by addmg magnesium 
to the buffer substrate mixture 

We have also tried other effective procedures for 

* Present address Faculty of Medicine, Fouad let 
Dniv eraitv , Knsr el Aim, Cairo, Egvpt 


the further purification of phosphatase, e g tryptic 
digestion followed by prolonged dialysis (of Schmidt 
& Thannliauser, 1943 , Abul-Fadl & Kmg, 1949) The 
products thus obtamed show much higher activity 
than the mixtures contaimng the crystals , but several 
attempts to crystaUize such protem material, of very 
lugh phosphatase activity, have been unsuccessful 

EXPERIMENTAL 

Preparation of phosphatase extracts and 
purification by acetone 

Fresh healthy ox kidneys are decapsulated, freed from fat, 
well washed and twice minced m a machine They are then 
thoroughly mixed with an equal weight of 26% aqueous 
acetone containing 10 % Cv/v) of toluene and ethyl acetate 
(1 1) Autolysis is allowed to proceed at room temperature 
for 2—3 days with occasional thorough shaking The mixture 
is strained through mushn, filtered clear, and then treated m 
the cold with acetone to a concentration of 65 % The precipi 
tate obtamed is separated by centnfugmg, washed twice 
with pure acetone and dried in vacuo A 2 % aqueous filtered 
solution of the precipitate is then subjected to fractional 
precipitation with cold redistilled acetone at 0° The fraction 
obtamed at an acetone concentration of 38-50% is mainly 
protem m nature, and possesses considerable phosphatase 
activity When left for 24^36 hr m the cold room (at 5°) it 
sets mto a crystaUme mass these crystals were claimed by 
Thoai et al (1947) to be the crystaUme enzyme 
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Dog intestines from normal animals have also been used 
for mmiUT preparations After thorough rmsmg mth saline 
solution, the gut is out open longitudmaUy , and the mucosa is 
scraped off mth the aid of wooden spatulas Autolysates of 
mtestmal mucosa, prepared as described for kidneys, have 
yielded highly active enzyme concentrates from which 
similar crystals have also been obtained 


After addition of 0 2 ml of the enzyme solution suitably 
diluted, and mcubation of the mixture for 16 mm at 37°, 
1 8 ml dilute (1 m3) Dolm Ciocalteu reagent are added The 
solution IS mixed, centrifuged if necessary , and phenol detor- 
mmedin4ml of the clear supernatant flmd (cf Kmg, 1947) 
Controls and blanks are also used The umt of phosphatase 
18 defined as the amount of enzyme which will liberate 1 mg 
phcnol/16mm 


Purification by tryptic digestion and dialysis 

The fractions obtamed between 38-60% acetone concen 
tration were treated with a 0 2 % solution of a highly active 
punfied trypsm obtamed from Armour Ltd 

The pH was adjusted to 8 0 with NajCOj solution and the 
mixture mcuhated at 37° for 3-4 hr The preparation was 
then shaken with 6 % kaohn and centrifuged or filtered This 
procedure was repeated twice to remove any remainmg 
trypsm The phosphatase activity was not affected The 
enzjune was now precipitated m 0 9 saturated {NH^l.SO^ 
solution The precipitate was collected by centnfugmg, and 
dialyzed m coUodion bags at room temperature for 3-4 days, 
agamst a large volume of distilled water frequently changed 
The activity and total N were determmed each day, and 
dialysiB was stopped when the actmty/mg total N remained 
constant for two successive estimations 


Activity determination 

Activity has been determmed m two ways (a) m Roche P 
umts, by estimation of orthophosphate hberated from 
0 02 m ^ glycerophosphate m veronal buffer at pH 9 at 37°, 
(6) m Ki^ phenol umts, by estimation of phenol hberated 
from 0 006m sodium phenylphosphate m NojGOa NaHCOa 
buffer at pH 10 at 37° Determmation of the activityr by 
the two methods allows of comparison with former results 
published both by ourselves and by other authors 

Magnesium was added to give a concentration of 0 01 M 
Phosphorus was determmed by Bnggs’s (1922) method or 
those of King (1932) and Allen (1940), phenol by the Fohn 
Ciocalteu method (for details see Kmg, 1947), and total N 
by the micro Kjeldahl procedure 

(a) BeXermxnalum of activity \n terms of Roche phosphate 
units Inatesttube marked at 10 ml are placed 4 ml veronal 
buffer (pH 9), together with 2 ml 0 iM-sodium glycero 
phosphate' and 1 ml 0 iM magnesium acetate The volume is 
adjusted to 9 9 mh with distdled water, and the tube allowed 
to stand m a 37° water bath for 5 mm The highly active 
enzyme solution (0 1 ml ) is added and hydrolysis is allowed 
to proceed for exactly 6 mm Tnohloroacetioaoid(26%, Iml ) 
18 added to stop enzyme action and to precipitate anyprotems 
(Generally the highly active preparations contain negligible 
amounts of precipitable protems ) The solution is filtered if 
necessary, and the morgamc phosphate detenmnation earned 
out Controls without any enzyme solution and blanks with 
enzyme added after acidification must be run parallel with 
the testa If the amount of morgamc phosphate exceeds 
0 3 mg P m the whole tube (correspondmg to about 6% 
hydrolysis) thedeterminationis repeated witha convemently 
diluted enzyme solution The Roche umt of phosphatase is 
defined as the amount of enzyme which will hberate 1 ub 
P/mm ^ 

(h) Activity by King phenol units The NojCOj NaHCOj 
buffer ofpH 10 (2 ml , Delory & Kmg, 1946), 0 02m disodium 
phenylphosphate solution (1 ml ) and 0 04m magnesium 
acetate (1 mb) are mixed m a test tube and warmed to 37° 


RESULTS AND DISCUSSION 

Dog intestinal phosphatase Table 1 show's the 
activity of dog intestinal preparations at different 
stages of purification The activity of the mucosa 
autolysates has been found to vary considerably 
from one preparation to another It is important to 
work with mtestmes obtamed from healthy, well-fed 
animals, showmg no sign of abnormahty Prepara- 
tions from lU or starvmg dogs yield solutions of low 
activity The results shown m Table 1 are those 
normally obtamed from satisfactory preparations 


Table 1 Phosphatase activity of dog intestinal pre- 
parations during different stages of purification 

Activity 


Preparation 

r 

Phosphate 
(Roche 
units/mg 
total N) 

Phenol 
(King 
umts/mg 
total N) 

1 Autolysis for 3 days m 26 % 
acetone (Autolysate filtered 
clear, light yellow) 

650-800 

70-85 

2 Crude Albers, precipitated 
by 66% acetone from above 
autolysate 

2000-2400 

240-300 

3 Fractional precipitation by 
acetone 38-50 %, 0-4° 

6000-8000 

600-890 

4 Tryptic digestion followed 
by prolonged dialysis 

9360-15700 

1172-1600 


The amount of mucosa obtamed from the whole 
small mtestme from a normal dog is generally about 
100 g which IS left to autolyze as described above 
The clear filtered autolysate is generally hght straw- 
yeUow m colour and has a total mtrogen content of 
about 0 7-1 6 mg /ml The crude Albers preparation 
obtamed by precipitatmg with 66 % Acetone m the 
cold has a higher activity (umts/mg total mtrogen) 
than the autolysate, but its comparatively low total 
nitrogen content (7—9%) mdicates contammation 
with non-mtrogenous matenals (possibly carbo- 
hydrates) as weU as morgamc matter 

On fractional precipitation with cold pure re- 
distilled acetone the fractions obtamed below 38 % 
acetone concentrations are relatively poor m enzyme 
activity The fractions obtamed with higher acetone 
concentrations (38-60 %), on the other hand, are 
nch m enzyme activity By carrymg out this stage 
carefully m a cold room at approximately 0°, addmg 
the chilled pure acetone gradually with constant 
stimng and separating every fraction by thorough 
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centrifuging in the cold room, it is possible to obtam 
higlily active products, contairung about 12-14% 
mtrogen 

This fraction, however, is always contammated 
with morgamc matter, consistmg mainly of mag 
nesium phosphate which crystallizes when the pre- 
paration IS kept m the cold The residual acetone 
evaporates slowly, and the morgamc crystals are 
gradually formed m the viscous protem solution, 
which adheres mtimately and takes the shape of the 
crjrstals, thus givmg the impression that the enzyme 
itself has crystallized 

The enzyme preparation at this stage could not be 
further purified by fractional precipitation with 
acetone We have tried several ways of purification 
mvolvmg fractional saltmg out with ammomum 
sulphate, adsorption with alumma and kaohn, 
simple dialysis and electrodialysis, but none has 
given satisfactory results 

Tryptic digestion imder the described conditions, 
however, followed by treatment with kaohn, saltmg 
out with ammomum sulphate and then prolonged 
dialysis, has been found very effective m acluevmg 
further purification The relative stability of the 
mtestmal phosphatase towards dialysis has been an 
additional favourable factor m effectmg purification 
of this enzyme after tryptic digestion m this way 
The preparation obtamed after dialysis is an almost 
colourless, highly active, aqueous solution If dial 3 rsis 
IS very prolonged, the preparation begins to lose its 
activity with further decrease m total mtrogen Tlie 
activity, however, can be completely restored, as 
described by Thoai et al (1947), by mcubatmg the 
partially, but not completely, inhibited enzyme 
preparation with a-ammo acids m a shghtly alkahne 
medium (pH > 9) The best preparation contamed 
0 14 mg mtrogen/ml , and had an activity of 
16,700 Roche phosphate umts or 1600 Rung phenol 
umts/mg total mtrogen 

The enzyme was obtamed m the dry form without 
loss of activity by addmg pure redistfiled acetone to 
tins solution m the cold to a concentration of 
80-90 % It separated as a hght coagulated precipi- 
tate, which settled overmght m the cold, and was 
separated by decantation and centrifuging Various 
attempts to crystalhze this preparation, eg by 
aUowmg to stand m the cold m concentrated solution 
with and without spontaneous evaporation m a 
vacuum desiccator, by careful addition of ethanol and 
acetone, bj’’ allowmg to stand at 0° m different con- 
centrations of acetone, by iidditions of various 
cations or by addition of ammomum sulphate and 
other saltmg-out materials like sodium phosphate 
and magnesium sulphate, were all unsuccessful 

The total mtrogen content of the dry powders 
obtamed from different preparations was 10—11% 
mtrogen Ho carbohydrate residue was detected m 
any of our final preparations After prolonged 


hydrolysis with acid, no reduction of Benedict or 
Fehhng solutions could be detected (cf Schrmdt &, 
Thannhauser, 1943) 

Ox-Ltdney phosphatase Table 2 shows the activity 
of ox -kidney preparations durmg different stages of 
purification Our experience with ox kidneys both in 
England and m France was entirely unsatisfactory 
Preparations much weaker m activity than those from 
dog mtestmes have always been obtamed The auto 
lysates, as well as the other preparations, are charac 
tenzed by comparatively low activity and high total 
mtrogen (generally about 13-16 mg mtrogen/ml ) 

Table 2 Activity of ox kidney preparations 
during stages of purification 

Activity 



Phosphate 

Phenol 


(Roche 

(King 


umts/mg 

umts/mg 

Preparation 

total N) 

total N) 

1 Autolysis at room tempera 
ture for 3 days m 26 % acetone 
in presence of 0 1 vol toluene 
ethylacetate Autolysate fil 
tered clear, straw yellow 

100-136 

10-14 

2 Crude Albers precipitated 
by 56% acetone from above 
autolysate 

32-600 

35-66 

3 Fractional precipitation by 
acetone 38-50%, 0-4° 

840-1200 

90-130 

4 Tiyptic digestion and dia- 
lysis 

2000-3500 

26(M00 


The 38-60 % acetone fraction obtamed from crude 
Albers’s preparations contains about 14% total 
mtrogen, and is relatively poor m activity It has a 
considerable yield of crystals (much more than the 
correspondmg mtestmal preparation with higher 
activity), presumably because of the high phosphate 
content of tins organ Moreover, the relative m 
stability of the kidney phosphatase durmg dialysis 
makes efficient purification of the enzyme by this 
procedure rather difficult In this respect it differs 
from the mtestmal enzyme which is more stable , also 
it IS not reactivated to the same extent as the latter 
by a min o acids after partial mactivation tlirough 
dialysis Tins will be discussed m detail elsewhere 
Tryptic digestion effected considerable purification 
of tins enzyme 

In Table 3 are given some analytical data of two 
batches of crystals obtamed from two kidney pre 
parations These were obtamed from tlie first 
crystaUization after thorough washmg with cold 
water and rapid centrifugmg These crystals are 
soluble -with difficulty m water, but are more soluble 
m dilute alkah or acid They contamed 1 2- 1 6 % phos 
phorus, all of wluch was present as orthophosphate, 
4—7 % carbon and very httle mtrogen The fact that 
the carbon and nitrogen contents are so small and so 
variable suggests that these are due to organic 
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impurities and are not chemical constituents of the 
crystals The ash consisted entirely of magnesnun 
pyrophosphate Magnesium was determmed imoro- 
gravimetncally as oxmate by precipitation with 8- 
hydroxycjumohne (Berg, 1936), and phosphorus 
determmed by the Bang (1932) method, after hydro- 
lyzmg the pyrophosphate mto orthophosphate The 

Table 3 Analytical data for crystals obtained 
from kidney phosphatase 

Composition 



Magnesium phosphate 




/ 


Crystals from 


Theory for 

Theory for 

phosphatase 


MgHPOj 

MgHPO^ 

/ 

A ^ 


3HiO 

7HjO 

Batch 1 

Batch 2 

0* 



— 

7 05 

43 

H* 

4 02 

3 02 

2 36 

2 04 

N* 

— 

— 

224 

Trace 

P 

17 7 

12 6 

12 6 

14 7 

Mg 

13 9 

9 86 

10 0 

11 27 

Ash (as 

62 1 

46 2 

45 8 

60 2 

Mg,P,0,) 





P/Mg 

127 

1 27 

1 26 

1 30 


Theory for 




MgjPjOj 

Ash of orystala 

P 

28 0 


26 6 

27 8 

Mg 

21 6 


21 7 

22 6 


* By Drs Weiler and Strauss, Oxford 


figures shown m the table are very close to those 
of MgaPaO, Microtests for calcium and zinc were 
negative No ammoma could be detected m the 
ciystals Comparison with two crystalhne forms of 
magnesium orthophosphate, as shown m Table 3, 
shows the close similarity of these crystals with 
either one or the other, wnth only shght differences 
due to the presence of traces of orgamc impurities 
which are very diffioult to remove, and also of water 
of crystallization which can easily vary when crystals 
are kept at room temperature It is concluded that 
these crystals are magnesium orthophosphate It 
appears, therefore, that the alkahne phosphatase 
has not been ciystallized, but is easily adsorbed by 
magnesium orthophosphate, and, possibly, by other 
sparmgly soluble nuneral salts 

SUMMARY 

1 Tlie purification of alkahne phosphatase from 
dog mtestmal mucosa and ox kidney has been studied 
by different procedures, and higlily active prepara- 
tions were obtamed from mucosa 

2 The crystals which were claimed to be pure 
alkahne phosphatase have been identified as mag- 
nesium orthophosphate, with adsorbed phosphatase 

3 Attempts to crystallize the higlily active 
mtestmal phosphatase were imsuccessful 
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Purification of Faecal Alkaline Phosphatase 

Bv MAM ABUL-FADL aistd E J RING, Postgraduate Medical School, London, W 12 


{Received 16 August 1948) 


The presence of considerable amounts of alkahne 
phosphatase m dog faeces was first reported by 
Armstrong, Kmg & Hams (1934) Smce then, 
several attempts have been made to separate and 
purify this enzyme Armstrong (1936) described a 
method by wluch a very potent phosphatase con- 
tammg powder could be obtamed from dog faeces 
withm 48 lir Kmg & Delory (1939) repeated tins 
preparation, but did not succeed mraismg its potency 


above that aolueved by Armstrong Chen, Freeman 
& Ivy (1940) concentrated the faecal phosphatase by 
adsorption on kaohn m an acid medium and elution 
by alkahne buffer Their enzyme preparations, 
however, were less active than those described by 
Armstrong 

The present work was undertaken for the purpose 
of obtainmg the faecal phosphatase m the purest 
condition possible, and to attempt its crystallization 
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By the tise of several methods of purification, it has 
been possible to obtam preparations with higher 
activities than those obtamed by Armstrong (1936) 
Several attempts at crystaUization were unsuccess- 
ful With the procedure outhned by Armstrong, we 
encountered many difficulties, and the preparations 
obtamed were, m the majority of cases, much less 
active than his Methods of purification have been 
studied, and an improved procedure is described 

EXPERIMENTAL 

The mam features of the method adopted were those 
ongmally described by Armstrong (1936) The foUowmg 
precautions, modifi cations and additions, some of them taken 
from the procedures used for kidney and mtestmal phos 
phatase by Abul-Fadl, Kmg, Roche & Thoai (1949) have 
been found useful (1) Avoidance of any change of the pH 
towards the acid side, as the faecal phosphatase is very 
sensitive to acid, even at 0° (2) Fractionation of the aqueous 
extract with (NH^ljSO^ (3) Decolonzation with mimmum 
loss of activity (4) Removal of mactive protem matenal 
from the final' enzyme concentrates by short tryptic 
digestion followed by careful electrodialysis The whole 
procedure is outhned below 

Estimation of activity was m terms of Kin g phenol 
units as descnbed by Abul Fadl ei al (1949) 

A Preparation of a dear extract 
from the faeces 

About 1 kg of dog faeces, collected withm 24 hr of bemg 
passed, is placed m a beaker together with cracked ice, and 
tap water added to make the total volume about 2 1 The 
contents are stirred thoroughly tiU uniform and then stramed 
through a wire sieve The sludge is tested bv htmus paper and 
made alkahne with ammonia It is then poured mto a fluted 
filter paper and left m the ice box to filter overnight The 
filtrate, if not absolutely clear should be treated with 6 % 
kieselguhr or kaolm and refiltered with suction 

The dark brown filtrate, which should be free from any 
turbidity, shows an activity of 100-160 King phenol umts/ml 
and contains about 1 2-0 6 mg protem N/ml With a few 
drops of toluene added, the solution retains its activity for 
several days at 0° To assure a high degree of activity, faeces 
should be collected from healthy, well fed dogs, discarding 
any samples which have become dry 

It wiU be noted that preliminary autolysis, as m the case 
of kidney and mtestme, is here unnecessary smce the faecal 
phosphatase is readily obtamed m a soluble form 

B Precipitation vnth ammonium sulphate 

Pre limin ary experiments showed that precipitation with 
acetone at this stage, as was used m the case of kidney and 
mtestmal preparations, gives preparations of poor activity 
whilst MgSO^, even m full saturation, was of httle use m 
saltmg out the enzyme Half saturation with (NHJjSO^, 
however, precipitates about 90% of the phosphatase, whde 
with 0 8 saturation precipitation is almost complete To each 
100 mb clear filtrate, cooled to 0°, 40 g (NH,) jS OR A R ) are 
added with stirrmg On standmg for 10—16 Tnin m the cold 
a precipitate 13 formed which rises to the surface Most of 
the clear underlying hqmd can be removed by siphonmg. 


and the precipitate readily collected and separated by rapid 
centnfugmg 

The use of acetone at this stage to help saltmg out, as 
descnbed by Armstrong (1936), leads to much loss of activity 
m the aqueous acetone solution The loss m some experiments 
amounted to about 40% 

The precipitate thus obtamed gives a dark brown turbid 
solution The activity is about 600-760 umts/ml , with a high 
protem N amountmg to as much as 6 6 mg N/ml m some 
experiments 

C Decolonzation by activated charcoal 

This 18 the most cntical step m the purification of the 
faecal phosphatase Much enzyme activity may be lost if the 
steps are not carefully controlled The difSculties encountered 
aredue to the foUowmg (1) The faecal enzyme is unstable m 
sbghtly acid medium even m the cold, but for efiective 
decolonzation the medium must be slightly acid (2) Adsoip 
tion of the enzyme on the activated charcoal cannot be 
reversed 

Glycerophosphate buffer adjusted with acetic acid to 
pH 6 2-5 4 and containing 0 5 m MgSOi is the best medium 
for effective decolonzation with removal of mactive protem 
matenal and mmimum loss of enzyme activity f Glycero 
phosphate appears to protect the enzyme against mactiva- 
tion due to changes m pH, while Mg mcreases the enzyme 
affimty for substrate, thus mmimizmg the nsk of adsorption 
on the charcoal 

The precipitate obtamed fixim B is dissolved m 160 ml 
0 02 m sodium /S glycerophosphate solution previously ad 
justed with dilute aceticacidtopHd 2-5 4,andl6g ciystal 
Ime MgSOj 7HjO dissolved m the solution. The procedure 
IS conducted m the cold at about 0® Activated charcoal 
(16 g ) 18 now added and the mixture is well stirred for 
10 mm It IS then filtered through a folded filter paper 
previously prepared by passmg through it 1% charcoal 
suspension m water The filtrate is almost colourless, or only 
slightly coloured, and shows an activity of 670-700 umts/ml 

The solution is transferred mto collodion or cellophan bags 
of 50 ml capacity and left to dialyze agamst distdled water 
overmgbt to ehmmate moat of the Mg, m the presence of 
which maotivation is likely to occur, and has been observed 
m many cases The dialyzed solution, mcreased m volume by 
osmosis, IS now subjected to further purification as it still 
contains a lot of mactive protem 

D Digestion vnth trypsin 

The effect of tryptic digestion on purification of phos 
phatase has been discussed by Abul Fadl & Rmg (1949) 
A potent commercial trypam (Armour Ltd ) is thoroughly 
mixed with the enzyme solution m a concentration of 0 2 % 
The pH IS adjusted to 8 0 with NajCOj and the mixture left 
to stand m a thermostat at 37° for 3—4 hr At the end of this 
tune 6% kaolm is added, stirred for 10 mm and then 
separated by centnfugmg This procedure is twice repeated 
in order to ehmmate any residual trypsm If any colour is 
still present, it can be removed at this stage by a second 
charcoal treatment (1 %), which will also help m removing 
traces of trypsm, with practically no loss m enzyme activity 
The medium need not be acidified m this operation smce the 
colour IS only sbght and complete decolonzation can be 
easily effected 
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The activity now ranges between 400 and 600 iinits/nd 
and tbe protein N from 0 2 to 0 3 mg N/ml Thus a high 
degree of purification has been achieved at this stage, but 
the preparation is still noh m non protem N, which can be 
eliminated by prolonged dialysis m collodion or cellophan 
bags against running distilled water 

E Further purification hy dectrodialysia 

Entscher & Wolbergs (1936) claimed to have obtamed the 
prostatio pho^hatase m a high state of activity by long 
eleotrodialysis On the other hand, Albers & Albers (1935) 
reported a continuous loss of activity m kidney phosphatase 
preparations subjected to electrodialysis 

We have studied the behaviour of kidney, mtestme and 
faecal phosphatase towards eleotrodialysis and the detailed 
results will be published later With the faecal phosphatase 
preparations we have been able to attam a further degree of 
purification by virtue of the denaturation of the remaining 
proteins which occurs during the eleotrodialysia 

The apparatus described by Bung & Dolan (1934) has 
been used The dear faecal phosphatase solution is placed 
m a 160 ml capacity cell, and distdled water is run con 
tmuously m the two parchment thunbles containing the 
electrodes The current is kept low (10-20 ma ) throughout 
the experiment which lasts usually for 24-30 hr Care must 

be taken to keep water running m the thimbles and to stir the 

dialyzed solution contmuously If a current of N2 is used for 
stirring, it must be slow, so as not to form excessive froth 
which causes surface inactivation of the enzjrme Drops 
’ of chloroform are added as a preservative and to minimize 
fix) thing 

No physical change is observed in the enzyme solution 
during dialysis The activity and protem N, which are tested 
regularly, show no signifioant variation throughout the 
experiment The enzyme solution remains dear, and only 
starts to show turbidity near the end of the expenment when 
dimmution m activity is also noticed On the other hand, 
turbidity 18 always found mside the cathode chamber, owing 
to ehmination of mtrogenous and other impurities If the 
dialysis is unduly prolonged or the water cuoulation is 
stopped, the enzyme solution starts to show turbidity, and 
precipitation may occur with complete loss of activity 

F Precipitation with acetone 

At the end of electrodialj^is there is no change of activity 
m relation to the protem N, and the solution is perfectly dear 
The enzyme solution is now cooled to 0° and pure cold 
acetone is added to a concentration of about 60 % A floccu- 
lent precipitate collects at the bottom on leavmg to stand m 
the cold This can be separated by pouring off the super 
natant flmd, centnfugmg and washing with pure acetone 


The precipitate thus obtained, however, is not now 
completely soluble in water It seems that part of the 
proteins has been denatured Distdled water (20 ml ) is now 
thoroughly stirred with the acetone precipitate, allowed to 
stand m the cold for about 30 mm , and any insoluble part 
spun down The clear supernatant fluid is reprecipitated 
with 60-80% acetone m the cold, separated and washed 
with acetone by centrifugation It is finally dried over CaCl. 
or soda lime m a vacuum desiccator 

The precipitate dries in thin, almost transparent scales 
It can be pulverized mto a white or buff coloured powder 
showmg an activity of 1166-1300 units/mg N The total N 
is 10-11 % and protem N is 6 6-6 2% Tlie yield is 0 2-0 4 
g /kg faeces 

DISCUSSION 

The activity /mg dry powder is of the order of 
96-120 tmits which corresponds to 190-240 King- 
Annstrong units Tlus activity is higher than that 
recorded by Armstrong (1936), whose best prepara- 
tion was of about 186 Kmg-Annstrong units 

These purified faecal phosphatase preparations 
are s imil ar to the mtestmal preparations described 
by Abul-Fadl et al (1949) m theur mtrogen content 
and m the absence of any detectable carbohydrate 
residue On the other hand, there is a tendency to 
get more active enzyme preparations from the 
mucosa smee our best faecal preparation shows an 
activity of 1300 umts/mg mtrogen as compared with 
that from mucosa which was about 1600 units/mg 
mtrogen In general, it has been noticed that the 
most active purified preparations were always 
obtamed from startmg matenalB which were ongm- 
ally of a very high order of activity This suggests 
that the enzyme may be ongmally present m the 
tissues m qmte different amounts or degrees of 
activity 

As m the case of mtestmal phosphatase, repeated 
attempts at crystallization of the purified frieoal 
enzyme have been unsuccessful 

SXBIMAIIY 

1 A method for the purification of faecal alkahne 
phosphatase is described 

2 Amorphous phosphatase preparations of very 
high activity have been prepared, but all attempts 
to crystaUize them have faded 
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Purification of Alkaline Phosphatase by Tryptic Digestion 

By mam ABUL-FADL aito E J KTNG, Postgraduate Medical School, London, W 12 

(Received 16 August 1948) 


After fractional precipitation of kidney, intestinal 
and faecal phosphatase with acetone m the cold, 
further attempts at purification by either repeated 
acetone or a mm onium sulphate fractionation were 
meffective Treatment with aluminium hj^droxide 
was likewise of httle use, and there was considerable 
loss of enzymic activity Digestion with trypsm, at 
this stage, proved to he of great advantage m elimi- 
natmg mactive proteins which are otherwise difficult 
to remove 

In most of the current procedures for the prepara- 
tion of phosphatase, autolysis is used as an mdis- 
pensable stage m the hberation of the enzyme from 
the tissues Ehrenward (1933) discovered that the 
activity of alkalme phosphatase is not affected by 
trjrpsm Kutscher & Pany (1938) found later that 
acid phosphatase is resistant to papam Schmidt 
& Thannhauser (1943) used artificial proteolysis m 
the form of tryptic digestion for brmgmg the calf 
mtestmal phosphatase mto solution Fischer & 
Greep (1948) have recently reported on an ‘activa- 
tion ’ of the aUcahne phosphatase by trypsm Thus 
the tryptic digestion of crude phosphatase prepara- 
tions IS weU known, but its effect on lughly concen- 
trated purified enzyme preparations has not been 
weU mvestigated For this reason.itseemed desirable 
to conduct such a study to find out the best con- 
ditions for purification with minimum loss of 
enzyme activity 

EXPERIMENTAL 

Enzyme solutions from os kidney and dog mtestmal mucosa 
treated by fractionation -with acetone m the cold, and dog 
faecal phosphatase prepared by fractional precipitation with 
(NHjljSO^ and charcoal decolorization, have been used 
A very potent trypsm powder (U S P X , Armour Labora 
tones, Chicago) has been used throughout The enzyme 
solutions were adjusted to pH 8 by NajCOj solution and kept 
at 37° with vanous concentrations of trypsm pow'der 
Activities expressed m King phenol units m relation to 
protem N by micro Kjeldahl (see Abul Fadl, King, Roche Sc, 
Thoai, 1949) have been detemimed m the presence of Mg++ 
on samples withdrawn from the moubated enz 3 Tne solutions 
at regular mtervals 

After tryptic digestion there is always a considerable 
amount of non-protem N, which is best e limin ated by 
prolonged dialysis 

RESULTS AND DISCUSSION 

Table 1 sho-ws the effect of tryptic digestion on faecal 
and mtestmal phosphatases An mitial mcrease of 
the enzjrme activity m relation to protem mtrogen 


durmg the first few hours of mcubation is followed 
by a gradual fall It is, therefore, madvisable, with 
0 1-0 2 % trypsm, to mcubate for longer than 


Table 1 Effect of trypsin digestion on partially 
23urified alkaline phosphatase 




Tune 





Tiyp- 

of 


Phosphatase 


Sin 

mcuba- 


activity 


concen- 

• tion 


f 

A 

\ 

Enzyme 

tration at 37° 

Protem N 


(Umts/mg 

solution 

(%) 

(hr) 

(mg /ml ) (Umts/ml ) protem N) 

Intestmal 

01 

0 

0 20 

300 

1500 



2 

0 18 

300 

1720 



4 

016 

256 

1569 



6 

0 16 

265 

1569 



S 

016 

240 

1480 

Intestmal 

02 

0 

017 

315 

1852 



15 

014 

293 

2192 



3 

0 13 

243 

1868 



46 

012 

225 

1800 



6 

012 

200 

1660 

Faecal 

05 

0 

0 40 

240 

600 



2 

0 28 

240 

857 



4 

0 24 

200 

833 



6 

0 24 

185 

770 



24 

0 24 

144 

600 



30 

0 24 

144 

600* 



48 

0 24 

126 

625* 



00 

024 

102 

425 


* More trypsm added 



0 2 4 6 


Time (hr ) 

Fig 1 Effect of tryptic digestion on kidney phosphatase 
0 1 % trypsm, 37°, pH 8 0 

2-3 hr at 37° This depends on the degree of con- 
tammation of the enzyme with mactive protem 
With kidney preparations (Fig 1 ), however, a longer 
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incubation is required (4—5 lir ) for the maximum 
activity relative to protem mtrogen to be attamed, 
smce these are more contaminated by mactive 
protem than either faecal or mtestmal preparations 
It IS mterestmg to note that trypsm does not appear 
to act on the protem part of the enzyme, smce the 
protem mtrogen of the mcubated enz 5 nne solution 
remains constant after a certain tune, and is not 
affected by any further mcubation, even if more 
trypsm is added The dechne m enzyme activity 
appears to be due to mactivation of the enzyme, 
when mcubated m alkahne buffer, rather than to 
direct trypsm action on the enzyme itself This m- 
activation was pomted out by Fischer & Greep (1948) 
to be much more extensive m the absence of trypsm 
than when it is present Thus trypsm, m addition to 


digestmg contammatmg proteins, seems to protect 
the enzyme to a certam extent against mactivation 
durmg mcubation m alkahne buffer Excess of 
trypsm, however, does not seem to mcrease the 
degree of protection of the enzyme , on the contrary, 
it seems to decrease it, or to cause inhibition of the 
phosphatase 

stnvoiARY 

1 Further purification of the alkahne phospha- 
tase, beyond that attamable by fractional precipi- 
tation and saltmg-out procedures, was obtamed by 
mcubation with 0 1-0 2 % trypsm at 37° for a period 
of not more than 4 lir 

2 Addition of more trypsm, or mcubation for 
longer periods, resulted m loss of enzyme activity 
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Albers, Bayer, Bohnenkamp & Muller (1938) 
ascribed the mactivation of the kidney alkahne 
phosphatase through prolonged dialysis to a separa- 
tion of the phosphatase mto an mactive protem 
apoenzyme and a dialyzable coenzyme or prosthetic 
group These workers showed that this coenzyme 
cannot be magnesium It appeared to be a labile 
orgamo substance, which could be obtamed by 
moubatmg the holoferment at 100° for a few mmutes 
m a neutral medium This treatment destroyed the 
apoenzyme while not affectmg the coenzyme By 
mixmg the latter with an enzyme preparation parti- 
ally mactivated by dialysis or previous mcubation m 
an acid medium, active phosphatase solutions were 
obtamed On combmmg the dialyzable hqmd with 
the mactivated protem solution of dialyzed kidney 
preparations, with the addition of magnesium, 
Albers (1939) claimed to have obtamed an almost 
100% reactivation von Euler & Hahn (1947) 
described a partial reactivation of mtestmal phos- 
phatase, mactivated by dialysis at pH 4 6, by the ad- 
dition of boiled enzyme solution Ooetens ( 1 94 1 c, 6, 
1942), after repeating Albers’s experiments, came 
to the conclusion that the activatmg action of a 
heated enzjmae solution (Koclisaft), or the dialysate 


hqmd, was not due to the presence of a cophospha- 
tase, but more probably to a zmc or cobalt ion, 
which IS present m very small amount and whieh 
forms a dissociable complex After studymg the 
influence of different metalhc ions, as well as sub- 
stances which form weakly dissociable combmations 
with metals, Cloetens concluded that alkahne 
phosphatase is composed of a shghtly active or 
completely mactive part, (i e protem +metal- 
combmmg groups), and the two metals magnesium 
and zmc This postulate was supported by the work 
of Hove, Elvehjem & Hart (1940), who used zmc 
salts m combmation with ammo-acids and with pro- 
tem spht products (from autolyzed mucosal tissue) 
to activate dialyzed mtestmal phosphatase Thoai, 
Roche & Roger (1947) reported the mactivation of 
mtestmal phosphatase by prolonged dialysis at 37°, 
and its complete reactivation by mcubation with 
ammo -acids m alkahne medium and detemamation 
of the enzyme activity m presence of certam morganic 
ions Comparmg these findings with that of Albers, it 
would appear possible that the dialyzable prosthetic 
group may be a combmation of a metal other than 
magnesium (possibly zmc) with a compound con- 
tammg ammo-acid groups 


28-2 
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In the present mvestigation an attempt has been 
made, usmg ordmary dialysis as well as electro- 
dialysis, to obtam a clearer conception of the nature 
of the dialyzable factors mdispensable for the activity 
of alkahne phosphatase It has been found that 
magnesium and a mtrogenous non-protem dialyzable 
substance, which migrates towards the cathode 
during electrodialj^is, are responsible for activatmg 
the apoenzyme No endence for the identity of tins 
dialyzable substance with simple a ammo acids, or 
for the presence of zmc, has been obtamed Differ- 
ences among alkahne phosphatase preparations from 
different sources have been found, and the results are 
discussed 

EXPERBIENTAL 

Eing & Dolan’s (1934) electrodiaJyzmg apparatus has been 
used throughont It consists of a glass cell of suitable capa 
city containing two units of electrode chambers immersed 
in the enzyme solution Each unit consists of a parchment 
dialyzmg thimble contammg the electrode surrounded by 
distdled water Because of the shortage of platmum this has 
been used only for the cathode, while a carbon electrode has 
been found quite satisfactoiy as an anode The two electrode 
chambers were either connected together, as when water is 
ciroulated through them, or left unconnected, according to 
the requirements of the erpenment A mechamcal stirrer 
was used, since the bubbling of Nj was foxmd to cause some 
inactivation due to frothing A mercury vapour lamp trans 
former was used as the source of direct current In some cases 
a 6 V battery was used An ammeter was mcluded m the 
circmt The current passmg through the enzyme solution was 
as low as 1 6 ma and was never allowed to exceed 10 ma 
Enzyme solution and determination of activity The solutions 
bemg dialyzed always contamed the enzyme m its highest 
available state of punty, prepared and the activity deter- 
mmed according to the methods already desonhed (Abul 
Fadl, King, Roche & Thoai, 1949, Abul Fadl A King , 1949) 
Nitrogen determination The micro Kjeldahl method was 
used, and was earned out on 0 2 mL of the clear enzyme 
solution on which the activity had been previously deter- 
mined. For protem N the protems were precipitated with 
molybdic acid Digestion was earned out with 2 ml 60 % 
(v/v) HjSO^ contaimng 1% Se 02 , a small electno heater 
bemg used. 

Microdetection of certain metals (cf Bntish Drug Houses 
Ltd Book of Organic Reagents for Analytical Use including 
Spot Tests) Magnesium was tested for by the p-mtro 
benzeneazo a naphthol test which is sensitive to 2 /ig Mg, 
calcium by the picrolomo acid test which is sensitive to 
0 01 pg Ca, and zmc by the resorcmol test, sensitive to 
2 pg Zn 

Procedure for dialysis The enz 3 rme solution was subjected 
to prolonged eleotrodialysis against running distilled water, 
contmuously stirrmg and using an electno current of 1—3 ma 
The enzyme activity was determined at regular mtervals, 
with and without the addition of Mg++ to the buffer sub- 
strate mix ture As the activity started to decrease, the two 
electrode chambers were disconnected from each other, and 
distilled water was very slowly passed through each chamber 
separately, and collected in separate contamers, or if 
necessary the water circulation was stopped The current was 
gradually mcreased 
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The effect of the anode and cathode hqmds, as well as 
certam other substances, was then tned on the enzyme 
solution which had been partially mactivated by electro 
dialysis 

RESULTS 

Kidney phosphatase Table 1 shows the changes m 
enzyme activity m absence and m presence of mag 
nesium, and in total mtrogen and protem mtrogen, 
takmg place durmg electrodialysis of kidney alkahne 

Table 1 E_ffect of electrodialysis on the activity 
of kidney alkaline phosphatase 

(Slow current of runnmg distilled water m the electrode 
chambers, electric current started with 1 ma and gradually 
increased to 10 ma ) 


Enzyme activity 


Duration 

(units/ml ) 



of electro 

i 

-A 

rug N/ml 

dialysis 

Without 

With 

f 

A 

(hr) 

Mg 

0 01 ii-jMg 

Total 

Protem 

0 

56 

84 

46 

1 30 

2 

66 

84 

45 

130 

4 

66 

84 

43 

130 

6 

66 

84 

42 

130 

8 

63 

84 

41 

130 

10 

60 

84 

40 

130 

12 

46 

84 

39 

130 

14 

40 

82 

38 

128 

16 

34 

80 

37 

127 

18 

28 

53 

36 

125 

20 

20 

36 

— 

— 

26 

6 

9 

34 

123 

30 

3 

4 

— 

— 

34 

2 

2 

32 

1 20 

36 

08 

08 

— 

— 

40 

03 

03 

30 

1 20 


phosphatase solution A progressive loss of activity 
occurs, and it appears that at least two important 
factors are lost durmg the course of the dialysis The 
first of these is magnesium, the addition of which 
restores the origmal activity of the enzyme solution 
durmg the first 1 6 hr of electrodialysis, although the 
time depends on the current strength After that a 
sudden drop m activity takes place followed by a 
comparatively rapid mactivation of the enzyme This 
suggests the sphttmg off of another factor winch 
cannot be identical with magnesium smee the latter, 
even m mcreased amounts, fads to restore tlie imtial 
enz 3 me activity It is noticed that the more macti 
vation takes place the more this factor is lost, and the 
less the response of the enzyme towards magnesium 
imtil finally the latter has almost no effect on the 
enzyme activity 

Die total mtrogen falls gradually with electro- 
dialysis The protem mtrogen remains constant for 
a tune, and then decreases gradually, the solution 
beeommg turbid especially around the cathode 
chamber There is a tendency for the protem mtrogen 
to remam constant agam near the end of the dialysis 
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Table 2 shows the strong activating power of the 
clear cathode hquid after filtration from the mactive 
precipitate The cathode hquid alone has no activity, 
hut it has considerable activatmg power when mixed 
with the apoenzyme, and this is much mOre pro 
nounced m the presence of magnesium The tliree 
experiments were earned out on the same solution 

Table 2 Effect of the liquids in the electrode chambers 
on kidney alkaline phosphatase partially inactivated 
by electrodialysis 


m different combmations Zme m 0 0002—0 0006 m- 
concentrations and m presence of 0 OlM-magnesium 
shows a shght activatmg property, but inhibits m 
higher concentrations Its activatmg effect, how- 
ever, IS very small compared with that of the cathode 
hqmd A combmation of cathode hqmd and 

Table 3 Effect of magnesium and zinc salts and 
amino-acids compared vnth that of cathode liquid 
on the kidney alkaline phosphatase partially in- 
activated by prolonged electrodialysis 


(These experiments were earned out on a smgle enzyme 
solution which was dialyzed m three stages At the end of 
each stage the enzyme solution was mixed with the hqmds 
from the electrode chambers collected durmg the period of 
dialysis The water was circulated through the dialyzmg 
thimbles as slowly as possible ) 


(Two enzymq solutions A and B of different imtial 
activity were used ) 


A 

(imits/ml ^ 


B 

(imits/ml ) 


Stage 1 of dialysia 

Dialyzed enzyme solution (30 hr ) 

( +water, 1 1) 

After 2 hr further dialysis ( -t- water, 

1 1 ) 

Enzyme solution + anode hquid (1 1) 
Enzyme solution -f- cathode hqmd 
(1 1 ) 

Enzyme solution + anode -f- cathode 
hqmds (1 0 6 0 6) 

Cathode hqmd alone 
Anode hqmd alone 
Cathode + anode hqmds 

Stage 2 of dialysis 

Dialyzed enzyme solution (total 35 hr 
( + water, 1 1) 

After 1 hr further dialysis ( -t- water, 

1 1 ) 

Enzyme solution -1- anode hqmd (1 1) 
Enzyme solution -t cathode hqmd 
(1 1 ) 

Stage 3 of dialysis 
Enzyme solution after prolonged 
dialysis ( -i- water, 1 1) 

Eurther dialysis ( -t water, 1 1) 
Enzyme solution + anode hqmd (1 1) 
Enzyme solution + cathode hqmd 
(1 1 ) 


Activity 


No Mg 

0 01m Mg No Mg 0 01 m Mg 

(units/ml ) 

Ongmal solutions 

40 

60 

13 

20 

Without 

-A ^ 

With 

After prolonged 
dialysis 

30 

34 

27 

30 

Sfg 

0 01m Mg 

Effect of zme salt 





28 

63 

OOlM 

00 

05 

00 

07 



OOOlM 

1 6 

66 

07 

96 

20 

36 

0 0005m 

20 

10 5 

12 

11 5 



0 0002m 

2 6 

10 6 

16 

11 5 

20 

30 

0 0001m 

2 7 

6 8 

20 

36 

38 

02 

Incubation with amino acids 






Glycme (0 001 m) 

0 

0 

0 

0 

38 

01 

Glycme (0 0001 m) 

1 6 

10 

07 

06 

r\ 


Alanme (O 001 m) 

0 

0 

0 

0 

0 

Q 

o 

0 

Alanme (0 0001 m) 

20 

16 

1 5 

12 

0 

yj 

0 

Enzyme solution 

28 

65 

7 

18 6 



mixed with cathode 






hqmd (1 1) 





) 8 

11 

Enzyme solution 

6 

22 6 

26 

94 


7 

9 


0 

0 

1 2 


9 

15 


66 

0 

0 

53 


which had been electrodialyzed m three stages The 
activation is very marked durmg the mitial stage 
of ©lectrodialysis, but after prolonged electrodialysis 
the cathode hqmd does not fully restore the mitial 
activity of the enzjune It seems probable that the 
apoenzyme is affected by the prolonged dialysis 
The anode hqmd, mactive m itself, has neither 
activatmg nor mhibitmg action when mixed with the 
enzyme solution bemg dialyzed 

Table 3 sliows the effect of magnesium, zme, ammo 
acids and catliode hqmd added to two enzyme solu- 
tions of different mitial activities which had been 
partially mactivated by electrodialysis, smgly and 


mixed with cathode 
hqmd, and 0 0002 m- 
zme added 

0 0002M-zmc has less activatmg power than the 
cathode hqmd alone The ammo -acids (glycme and 
alanme) m different concentrations, even after 
previous mcubation with the mactive enzyme, do not 
exhibit any activatmg property, on the contrary, 
they inhibit, especially m presence of magnesium 
Tdble 4 shows that the activatmg substsmee 
present m the cathode hqmd is orgamc m nature as 
the ash is not active It is stable to boihng for 1 0 mm 
but IS destroyed by a shght excess of ammoma 
A cathode hqmd with high coenzyme activity 
contamed 3 9 mg total sohds/ml and yielded 
0 60 mg of ash, mainly alkahne earths ‘ Spot ’ tests 
for calcium and for zme m the ash were negative, 
while a shght positive reaction for magnesium was 
obtamed The total nitrogen, 0 66 mg /ml , was equi- 
valent to 20 % of the organic matter This is consis- 
tent with the possibihty of an ammo -acid or peptide 
structure bemg present Protem was apparently 
absent smee there was no detectable precipitate with 
molybdic acid 
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Table 4 Effect of ho^l^ng, ashing and other treatments 
on the activating property of the cathode liquid on 
the kidney phosphatase Actmly 

(umts/nil } 

^ A ^ 

No Mg 0 01 m Mg 


Badney phosphatase after 8 hr electro 12 6 19 

dialysis 

Enzyme solution + cathode hqmd 20 GO 

Enzyme solution + boded cathode hqmd 20 60 

Enzyme solution + rediBSoIved ash* 12 0 18 5 

Enzyme solution + cathode hqmd 12 0 19 6 

treated mth 0 05 n ammoma solution 


* Cathode hqmd evaporated to dryness, residue ignited, 
and ash dissolved m HCl, evaporated on water bath to 
dryness, then dissolved m water, neutralized and dduted to 
ongmal volume 

Intestinal, faecal and liver phosphatase Table 6 
illustrates the effect of electrodialysis on these 
alkahne phosphatases The enzyme activity/ml 
remains almost constant for the first 20 hr , then a 

Table 6 Effect of electrodialysis on intestinal, faecal 
and liver phosphatases, and the effect of the electrode 
chamber liquids on the enzyme activity 


Activity 
(units/ml ) 


r~ 

No Mg 

0 01 M Mg 

Intestmal phosphatase ( - 1 - water, 1 1) 

140 

200 

Electrodialysis agamst running dis 
tfiled water, 1 6 moreased to 10 ma 

After 2 hr 

140 

200 

„ 6 „ 

140 

200 

,, 10 „ 

130 

200 

„ 16 „ 

125 

200 

„ 20 „ 

115 

180 

„ 24 „ 

90 

130 

1 >, 28 „ 

40 

66 

30 „ 

28 

38 

Enzyme solution + anode hqmd (1 1 ) 

18 

27 

Enz 5 Tneeolution-f-cathodehqmd(l 1) 36 

46 

Dialysis for further 4 hr 

Enzyme solution {+ water 1 1) 

04 

04 

,, ( 4 - anode 1 1) 

0 

0 

„ { + cathode 1 1) 

1 2 

1 4 

„ ( -f anode cathode) 0 

0 

Faecal phosphatase solution ( + water 

180 

240 

1 1) 

After 30 hr electrodialysis against 

66 

96 

runmng distdled water, 1 6-10 ma 

Enzyme solution -f anode hqmd 

34 

70 

(1 1) 

Enzyme solution -f cathode hqmd 

75 

120 

(1 1) 

Liver phosphatase solution ( -(-water 

96 

120 

1 1) 

After 20 hr electrodialysis against 

35 

50 

running distilled -rrater, 5 ma 

Enzyme solution -h anode liqmd 

15 

22 

(1 1) 

Enzyme solution + cathode hqmd 

45 

66 

(1 1) 
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sudden drop takes place The cathode hqmd showed 
a shght activatmg effect, but not as much as that 
noticed m the case of the kidney phosphatase In 
some cases the cathode hqmd was without any 
detectable activatmg effect, and the dialyzed enzyme 
lost its activity without any evidence of separation of 
a coferment, contrary to what was always found with 
the kidney phosphatase 

On the other hand, the anode hqmds showed a 
tendency to mhihit the mtestmal, faecal and hver 
phosphatases The pH of these hqmds ranged fiiom 
2 3 to 4 7, and the inhibitory efiect was more pro 
nounced with the more acid solutions The kidney 
enzyme was not sensitive to the same solution 

Effects of magnesium on phosphatases Fig 1 
shows the effects of difierent magnesium concentra 
tions on the activity of crude and punfied mtestmal 
and ladney phosphatase preparations The enhancmg 




q Mg 


Fig 1 Effect ofMg on crude and purified alkahne phospha- 
tases Hydrolysis of 0 005 m sodium phenyl phosphate m 
carbonate bicarbonate buffer, pH 10, 5 Mg= — log[Mg^] 


iction of magnesium on kidney phosphatase is 
nuch more pronounced than that on the mtestmal 
inzyme IVith crude enzyme preparations there is an 
iptunum concentration of magnesium beyond which 
.he enzjune is inhibited With punfied enzyme 
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preparations, on the other hand, excess of mag- 
nesium has no such inhibitory effect 

Efect of armno acids Table 6 shows the effect of 
ammo-acids on kidney and faecal en 2 ymes Both 
non-dialyzed kidney and faecal enzymes are acti- 
vated by some ammo-acids Tlie dialyzed kidney 
orizyme showB Only feeble activation with cystme 
and C 5 ^teme, while glycme does not activate The 

Table 6 Effect of ammo acids on faecal and kidney 
alkaline phosphatase before and after dialysis 

(Ordinary dialysis in cellophan bags at room temperature 
agamst distilled water ) 

Activity 
(umts/irJ ) 



No Mg 

0 OlM-Mg 

Non dialyzed kidney phosphatase* 

17 3 

26 3 

Glycme (0 002m) 

27 8 

30 5 

Cysteme (0 0006 m) 

27 0 

29 3 

Histidme (0 001m) 

27 0 

32 6 

Cystme (0 001m) 

27 0 

31 0 

Dialyzed kidney phosphatase* (36 hr ) 

90 

10 6 

Glycme (0 0002m) 

8 6 

9 0 

Cj^stme (0 006m) 

10 6 

12 4 

C^rsteme (0 0006 m) 

10 0 

11 6 

Non dialyzed faecal phosphatase* 

82 5 

112 0 

Cllyome (0 0002m) ' 

96 0 

126 0 

Dialyzed faecal phosphatase* (36 hr ) 

14 0 

16 2 

Glycme (O 0002m) 

35 7 

46 6 

Alanine (O 0006m) 

36 0 

468 

Cysteme (0 0006m) 

14 6 

16 6 

Cystme (0 0005 m) 

14 6 

16 6 

Histidme (0 0006 m) 

46 7 

62 6 

Histidme (0 001m) 

467 

62 0 

Histidme (0 002m) 

460 

62 0 

Tyrosme (0 001m) 

20 3 

266 

Tiyptophan (0 001 m) 

17 8 

220 


* Different preparations 


dialyzed faecal enzyme, on the other hand, shows a 
marked activation with ammo-acids, that with histi- 
dme bemg especially noteworthy This does not seem 
to be lessened with mcreasmg concentrations of 
lustidme up to 0 002 m Cystme and cystemo, on the 
other hand, have no effect imd tryptophan only a 
shght activatmg effect 

Effect of formaldehyde Table 7 shows the effect of 
formaldehyde on the phosphatases obtamed from 
different tissue autolysates By mclusion of 0 1 ml 
of 20 % neutral formaldehyde solution m the buffer- 
substrate enzyme mixture (without previous mcu- 
bation of the enzyme with the formaldehyde 
solution) a 95-100 % inhibition was attamed with 
aU tissue alkalme phosphatases, except those of 
mtestmal mucosa and faeces, where the inhibition 
was 70 % 

Attempts were made to reactivate a kidney alka- 
lme phosphatase that had lost most of its activity 
through formaldehyde treatment Directly after 
addmg the formaldehyde solution to the enzyme 


preparation a shght excess (over the theoretical to 
combme with the formaldehyde) of ammoma solu- 
tion was added The activity was then determmed. 

Table 7 Effect of formaldehyde on the alkaline 
phosphatase of tissue extracts 


Activity 
(imits/100 ml ) 



Without 

formal 

formal- 

dehyde 

Inhibition 


dehyde 

(0 6%) 

(%) 

Ox kidney 

138 6 

5 

96 

Human Indney 

77 3 

1 6 

97 

Adrenal glands 

166 

0 

100 

Dog bde diluted 1 200 

28 5 

0 

100 

Bone (young rabbit) 

162 

16 

99 

Dog faecal 

76 

24 

68 

Human mtestmal 

166 

60 

64 

laver 

97 

0 

100 

Pancreas 

9 

0 

100 

Spleen 

120 

0 

100 

Thyroid 

47 

0 

100 


and the effects of different ammo-acids (glycme, 
alamne, histidine, arginine, tyrosme and tryptophan) 
as well as of the cathode hqmd were tried It was not 
possible to restore the activity by means of any of 
these substances 

DISCUSSION 

These experiments support the hypothesis of Albers 
et al (1938) and of Albers (1939) that phosphatase 
consists of an apo- and a co enzyme This is well 
illustrated with kidney phosphatase by a progressive 
loss of enzyme activity durmg electrodialysis, due 
to sphttmg off a factor (or factors) essential for 
enzyme activity which rmgrates towards the cathode 
Thus the hqmd m the cathode chamber shows 
strong reactivatmg properties when added to the 
holoferment which has been partially mactivated by 
electrodialysis Tlie hqmd m the anode chamber, on 
the other hand, has no action on the enzyme activity 
The anode and cathode hqmds possess no enzymic 
activity either alone or combmed 

The activatmg effect of the cathode hqmd is 
mamly due to two factors (A) magnesium (which is 
possibly replaceable by other metals), which can be 
easily spht off and is responsible for the whole acti 
vatmg property of the cathode hqmd durmg the 
early stages of electrodialysis, especially with wealc 
currents, (B) an orgamc factor (possibly mtro- 
genous), which is not easily detachable from the apo- 
enzyme, but sphts off qmckly with strong currents, 
or suddenly after prolonged ordmary dialysis This 
factor withstands prolonged boiLmg, but is readily 
destroyed when treated with ammoma, excess alkah 
or acid It is not identical with any of the ammo- 
acids, smce the latter do not exhibit a sumlar effect 
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Magnesium seems to be essential for the activation 
of the holoferment When the latter is carefully freed 
from magnesium and then added to the partially 
mactivated enzyme, it will produce no effect, but 
when magnesium is added as well the phosphomono- 
esterase actimty of the mixture is much more than 
could be produced by addmg magnesium alone On 
the other hand, magnesium alone has no effect on the 
completely mactive enzyme, but m presence of the 
orgamc factors the activity is restored, although in 
no case to the imtial level Complete mactivation of 
the enzyme is probably accompamed by denaturation 
of the apoenzyme 

Under the conditions of these experiments tins 
orgamc factor is essential for the reactivation of the 
dialyzed holoferment from ox kidney It does not 
require any previous mcubation, nor has it any 
inhibitory effect when present m excess In contrast, 
it has no such action on the non dialyzed kidney 
enzyme, nor on the electro dialyzed mactive enzjrme 
prepared from hver or mtestme A possible explana- 
tion IS that m the case of the hver and mtestmal 
enzymes this factor is so strongly bound to the apo- 
enzyme that the latter is mactivated by prolonged 
dialysis before any sphttmg of the coenzyme takes 
place 

Tliese facts seem to mdicate that the kidney 
phosphatase consists of three mam components 
which are mdispensable factors for the enzymic 
activity a specific protem portion, a specific 
dialyzable orgamc group or groups, and mag- 
nesium Magnesium produces its effect only m the 
presence of the dialyzahle orgamc group or groups 

The two -metal theory mvolvmg zmc seems to be 
highly improbable smce no evidence tliat zmc is 
mdispensable has been obtamed 

The behaviour of faecal, mtestmal and hver 
phosphatases durmg dialysis has been found to 
differ from that of the kidney enzyme under the 
same experimental conditions 

The foUowmg are the results of a great number of 
experiments which have been earned out m this 
connexion 

(1) By ordmary dialysis m ceUophan bags agamst 
distilled water, or feebly alkahne water at room 
temperature, it was observed that the kidney enzyme 
progressively decreased m activity After 24 hr 
dialysis the activity was greatly decreased, but it 
could be restored to the origmal level through the 
addition of optimum concentrations of magnesium 
On further prolonged dialysis the activity stdl 
declmed and after 48 hr a marked loss of phospha- 
tase activity took place The enz 5 rme was still 
activated by magnesium, but tins could no longer 
restore the activity to its ongmal value The faecal, 
mtestmal and hver enzjrmes, on the other hand, 
were markedly stable under the same conditions 
Although a limited decrease m activity took place 
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magnesium could stdl restore the origmal activity 
Beyond this no further dechne m activity took place, 
and the enzymes remamed stable durmg 72 hr 
dialysis m one experiment With more prolonged 
dialysis activity was mamtamed for about 8-10 days 
at room temperature, foUowmg winch it rapidly 
declmed This phenomenon can be explamed on the 
basis of the previously mentioned postulate that the 
coenzyme, whde very strongly bound to the apo 
enzyme m the case of faecal, mtestmal and hver 
phosphatases, can be comparatively easdy spht m 
the case of the kidney enzyme 

(2) On electro dialysis the kidney enzyme was 
comparatively more stable than the other phospha 
tases This could be paidiaUy accounted for, m many 
cases, by the marked sensitivity of these enzymes to 
amons The anode hqmd inhibited these enzymes, 
while it was qmto harmless to the kidney enzyme If 
the water circulatmg m the anode chamber was 
stopped durmg electrodialysis, the mtestmal phos 
phatase was inhibited very qmcldy (even if dialysis 
was carried out at 0°), while the kidney enzyme, on 
the other hand, was not affected 

Although several factors have been known tp 
infiuence the degree of activation of pho^hatase by 
magnesium (e g concentration of magnesium, nature 
of substrate and its concentration, degree of enzyme 
purity, concentration and age, cf Fischer & Greep, 
1948), yet there have been strong mdications that 
certam phosphatases are more activated by mag- 
nesium than others Armstrong (1936) and Schmidt 
& Thannhauser (1943) described a 26 % morease m 
the activity of faecal and mtestmal phosphatases 
with optimum magnesium concentration Drill, 
Annegers & Ii'y (1944) also reported shght en 
hancement by magnesium of the elevated serum 
phosphatase durmg hepatic damage Our findmgs 
concemmg faecal, mtestmal and hver phosphatases 
are m agreement with those of these authors The 
kidney enzyme, on the other hand, has always been 
found to be much more activated by magnesium than 
either faecal, mtestmal or hver phosphatases This 
can agam he explamed on the basis of variation of 
alfimty between the apoenzyme and its ooenzyme 
and magnesium, m different phosphatases When this 
affini ty is very strong, the enzyme, as it naturally 
occurs, will be almost saturated with its requirements 
of magnesium, and hence the effect of any added 
amount will be only shght On the other hand, when 
ttiiR afiimty is weak, the enzyme will lose its mag- 
nesium readily durmg its extraction from the tissues 
and by mere ageing or by dilution, and thus the effect 
of added magnesium wdl be pronounced (cf Fischer 
& Greep, 1948) 

Ammo acids are shown here to activate both 
kidney and mtestmal non-dialyzed enzymes After 
prolonged dialysis of these enzymes, however, the 
effect of ammo-acids on kidney enzyme was almost 
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negligible, while their strong activating influence 
was stiU persistent with the mtestmal enzyme This 
suggests that ammo -acids exert then effect through 
certam groups m the coenzyme, which are easily spht 
from the kidney enzyme wlul? bemg relatively stable 
m the mtestmal enzyme durmg dialysis 

The activation of kidney phosphatase by cysteme 
has been similarly reported by Wilhams & Watson 
( 1940) , who found that cysteme m low concentrations 
activates the alkahne phosphatase of bone, while 
with higher concentrations inhibition occurs 

On the other hand, Waldschmidt Leitz, Sohaffiaer 
& Bauer (1933), Bodemsky (1936a, 6) and Thann- 
hauser, Reichel & Grattan (1937) reported that tluol 
compounds such as cysteme decrease the phosphatase 
activity 

With the dialyzed faecal phosphatase preparation 
m Table 6 both cysteme and cystme failed to reacti- 
vate the enzyme, wlule other ammo-acids did so, 
especially histidme whose effect was marked up to 
a concentration of 0 002m Bodansky (1948) has 
recently reported the inhibitory effect of L histidme 
on the activity of mtestmal, bone and kidney phos- 
phatases usmg higher concentrations (0 0064m) than 
used here He also pomted out that the basic ammo- 
acids, L histidme £md L lysme exert a greater inhibi- 
tory effect on rat-bone and kidney phosphatases than 
on mtestmal phosphatase, whereas the reverse holds 
for the dicarboxyhc L-glutamic acid 

The effect of formaldehyde on the different alkahne 
phosphatases provides a further distmction between 
kidney phosphatase and the mtestmal and faecal 
enzymes This phenomenon was previously noticed 
by Gould (1944) Bodansky (1937) also showed a 
difference between the mtestmal phosphatase and 
other tissue phosphatases m connexion with their 
behaviour towards bile salts The mtestmal enzyme 
IS less sensitive towards this inhibitor than the other 
phosphatases It seems that the ammo groups of the 


Attempts to reactivate the formaldehyde-mhibited 
enzyme by addition of ammomum salts, ammo -acids 
or cathode hqmd were unsuccessful 

Owmg to the fact that the kidney alkahne phos- 
phatase has not yet been obtamed m a satisfactory 
degree of punty, an mvestigation of the nature of the 
dialyzable coenzyme is not yet possible 

SUMMARY 

1 The mechanism of enz 3 nne inhibition durmg 
electrodialysis of faecal, mtestmal, kidney and hver 
alkahne phosphatases has been studied 

2 The migration of a substance with strong 
reactivatmg properties towards the cathode durmg 
dialysis of the different phosphatases was most 
clearly demonstrable with the kidney enzyme The 
properties of this substance have been mvestigated 
and compared with certam other substances 

3 No evidence m favour of the two-metal theory 
mvolvmg zmc could be obtamed 

4 The presence of three mam components 
seems to be mdispensable for the normal alkahne 
phosphomonoesterase activity a speciflc protem 
apoenzyme, an orgamc dial 5 ^able coenzyme, and 
magnesium 

5 The activation of the enzyme by magnesium, 
and possibly certam other metals and ammo -acids, 
takes place only m the presence of the dialyzable 
coenzyme 

6 The differences among the alkahne phospha- 
tases of different ongms are probably due to different 
affimties between the apoenzyme and its coenzyme, 
and possibly to shght variations m the nature of the 
apoenzyme m different phosphatases 

7 The apoenzyme appears to contam ammo 
groups, which are essential for the phosphatase 
activity 
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The many studies of tyrosmase have left unsolved 
the problem of the relationship between the so-caUed 
‘monophenolase’ and ‘ catecholase ’ or ‘polypheno- 
lase’ functions of this enzyme It has seemed im 
probable that the same enzyme should effect two such 
dissimilar reactions as the mtroduction of a second 
hydroxyl group mto the phenol rmg and the de- 
hydrogenation of an o-diphenol to give an o-qumone , 
yet the postulation of an mdependent specific mono- 
phenolase must remam under grave suspicion until 
fractions are obtamed m which the relative mono- 
phenolase/catecholase activity is greater than m the 
crude mushroom jmce Tlie alternative postulate, 
that the oxidation of monophenol is a secondary non- 
enzjumc reaction, due to hydrogen peroxide or 
o-qumone formed from traces of 0 diphenol which 
are presumed to be present, was first made by 
Onslow & Robmson (1928) It was criticized by 
Pugh (1929) and by Bordner & Nelson (1939), and 
a reconsideration of the evidence has led Nelson & 
Dawson (1944) to dismiss this possibility The latter 
authors conclude that the monophenolase and 
catecholase functions are origmaUy exercised by the 
same enzyme or enzyme complex, but that a centre 
m the enzyme which is essential for the mono- 
phenolase function, but not for the catecholase 
function, IS (a) rather unstable towards the frewtiona- 
tion techmques which have been used, so that mono- 
phenolase activity is easily lost, and ( 6 ) mactive 
towards monophenol unless o diphenol is bemg 
simultaneously oxidized by the enz 5 une, so that there 
IS an mduction period only reheved either by the 
slow build up m o-diphenol concentration mitiated 
by spontaneous oxidation, or by the addition of 

0 diphenol to the system 

The first product of oxidation of monophenol is 
beheved to be the correspondmg 0 diphenol, although 
the o-diphenol has only been isolated m the case of 
tyrosme dihydroxyphenylalamne (Paper, 1926) 
The o-diphenoI so formed is then also available as 
substrate to the enzyme, and may be oxidized to the 
qumone and beyond m the case of the primary 
substrates most studied (tyrosme, phenol, p-cresol) 
to a stage mvolvmg a further uptake of oxygen of 

1 atom/mol or more The composition of the reaction 
mixture thus becomes qmte complex with several 
different reactions proceedmg simultaneously, but, 
m the studies of ‘monophenolase’ activity so far 
made, the monophenolase activity has been assessed 


m terms of the total oxygen uptake m tins complex 
system Keilm & Mann (1938) first reported the 
catalyzed oxidation of ascorbic acid m solutions 
contammg tyrosmase and catechol, and Miller & 
Dawson (1941) have made use of this m their 
‘ clironometric ’ method for measuring catecholase 
activity Tlie presence of ascorbic acid does not 
affect the catecholase activity of the enzyme, but 
o-qumone formed is then almost instantaneously 
reconverted to o-diphenol by the ascorbic acid, and 
IS not detectable m the reaction mixture until all 
the ascorbic acid has been oxidized This suggested 
that a study of the oxidation of monophenols by the 
enzyme m the presence of ascorbic acid might be of 
value Under such conditions 0 diphenol might bo 
expected to accumulate, and the reaction mixture 
to remam uncomphcated by the accumulation of 
pigmented oxidation products of unknown consti- 
tution The conditions would m fact be suitable for a 
study of the primary reaction, monophenol ->o- 
diphenol Tlie present paper describes methods for 
the estimation of 0 diphenol m reaction mixtures 
contammg mitiaUy monophenol, tyrosmase and 
ascorbic acid, and results obtamed with these 
methods m studies of the conversion of monophenol 
to 0 -diphenol m the cases of t jmosme, phenol, p cresol 
and 4 6 dimethylphenol * The e^enments were 
earned out m the hope that the data obtamed nught 
tlirow more hght on the vexed question of the 
mechanism of monophenol oxidation by tyrosmase 

METHODS 

Enzyme preparation The enzyme was prepared from the 
common cultivated mushroom, Psalhota campestns, by the 
method of Ke ilm & Mann (1938) The second fractional 
adsorption on Ca 3 (P 04 )t m this procedure gave two fractions, 
the first of which, having (catechol)t and Qq^ (p cresol) 
values of c 70,000 and 36,000, respectively, when freshly 
prepared, was used m all the experiments described m this 
paper It was stored m the refrigerator under toluene, and 
had been so kept for 2 years when the work was begun 
Durmg this time its activity towards p cresol had decreased 
by about one third, whilst the activity towards catechol 
appeared to have remamed unchanged 

* This compound is stnctly named ‘ 3 4 dimethylphenol’ 
The alternative name ‘ 4 6 dimethylphenol ’ is used through- 
out t his paper to emphasize the relationship of the phenol to 
the o diphenol, 4 6 dimethylcatechol, formed from it 

t All Qoj values are m pi Oj/mg dry wt /hr 
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ConditwTisintyrosinaae esopertmenis The reaction mixtures 
in all cases contained 0 1 M-phosphate buffer (pH 7 0), and 
the temperature ivas 26° The reactions were m general 
^ca^^ed out m open vessels vigorously aerated by a stream of 
air for the provision of samples for o diphenol and ascorbio 
acid estimation, and in the W arburg manometnc apparatus 
■with identical reaction mixtures, using a 2 00 mL flmd phase 
and the standard techmque, for the measurement of 0^ 
absorption In the early experiments, ■with tyrosme as 
substrate, excellent agreement ■was obtamed between the 
0 j requirement calculated to correspond ■with the changes in 
ascorbic acid and o diphenol concentration, and the Og 
uptake measured m parallel experiments Later it was found 
in certain cases, ■viz with phenol as substrate at the highest 
concentration used (0 1 ii) and also with 4 5 dimethylphenol 
at qmte low concentrations, that the oxidation of ascorbio 
acid and formation of o diphenol was eqmvalent to a much 
smaller 0, uptake than was observed m the parallel expen- 
ment The difference could m neither case be attributed to 
a deficiency m aeration m the open vessel experiment, but, 
when this difference was observed, a rather persistent froth 
was always present above the surface of the reaction mixture 
m the open vessel, and the most likely explanation is that 
a major fraction of the enzyme was adsorbed m this froth and 
rendered meffective by removal from the solution To over 
come this difficulty when it arose, manometnc experiments 
only were earned out, m multiphcate Indimdual mano 
meters were removed from the bath at different times after 
the beginning of the reaction, and their reaction mixtures 
immedia^tely analyzed for ascorbio acid and o diphenol 
Composite curves were constructed from the data to show 
the changes m the reaction mixture ■with time 

Estimation of o diphenols 

It was desired to estimate ascorbio acid as weU as o diphenol 
m colourless reaction mixtures containing the corresponding 
monophenol, tyrosmase, ascorbic acid and 0 1 m phosphate 
buffer The reaction was always stopped at the appomted 
tune by pipettmg a measured sample mto an equal volume of 
4 % motaphosphono acid and the protem free filtrate was 
used for both o diphenol and ascorbio acid estimations The 
foUo^wmg account of methods of o diphenol estimation refers, 
therefore, only to estimations m this particular type of 
filtrate The standard solutions of o diphenols, used for the 
preparation of cahbration curves, contamed the same 
amounts of phosphate buffer and metaphosphonc acid as are 
present m such a filtrate In no case was the presence of 
monophenol found to have any affect on the diphenol 
estimation Ascorbic acid was only added to the stmidard 
solutions when it was found materially to affect the rate of 
development of the colour which was the basis of the method 
of estimation 

A 3 ‘^■DihydroxyphenyMamne (DOPA) Schdd (1933) 
and von Euler (1933) used the red colour developed on oxi- 
dation ■with I. for the colonmetnc estimation of adrenalme 
Evans Paper (1937 a) found that a similar method 
could be used for the estimation of DOPA The method 
adopted m the present work was essentially that of Evans & 
Paper, unproved by the use of the Spekker photoelectno 
absorptiometer instead of -visual colour matching A cahbra- 
tion curve was first prepared The solution required for 
establishing a pomt on the curve was made by Tniying m the 
order gnen (a) S 0 ml of standard DOPA solution. 


(6) 14 0 ml of 0 6M-pho8phate buffer (pH 6 0), (c) 10 0 ml of 
0 192N-NaOH and (d) 3 8 ml of 0 In-lg This mixture gave 
a final pH of 6 0 Nmety seconds after the Ig addition 
(e) 4 2 ml of 0 In NogSgOg were added, and the mixture 
immediately transferred to the 4 cm absorptiometer cell 
Absorptiometer readings were taken, -with a blue filter (no 6 
of Hilger set H466), at timed mtervals for a period of 
c 6 miTi. The red colour remaining m the solution after the 
NogSgOg oddition, due to the presence of DOPA, was found 
to dimmish appreciably m intensity even withm this time 
The logarithms of the absorptiometer readings were plotted 
agamst time after NogSgOg addition, and the hneanty of 
the plot permitted extrapolation hack to zero time By 
following the same procedure -with the enzyme reaction 
filtrate, usmg the latter instead of (o) above, a zero tune 
absorptiometer readmg was obtamed and the corresponding 
DOPA concentration read on the calibration curve The 
latter covered DOPA concentrationB up -to 0 20 mg /mb 

When this method of estimation was apphed to samples 
token at mtervals from an aerated reaction mixture con- 
■taming mitioUy tyrosmase, ascorbic acid and DOPA 
(0 2 mg /ml ) but no tyrosme, the DOPA concentrations 
found 0 5, 6, 10, 16, 20, 30, 40, 60, 60 and 70 min after the 
beginning of the enzyme reaction were respectively 0 207, 
0 207, 0 206, 0 208, 0 206, 0 207, 0 206, 0 207, 0 204 and 
0 208 mg /ml These figures vouch for the rehabibty of the 
method, and for the absence of mterference by ascorbic aoid, 
the concen-tration of which fell from 4 0 to 0 2 mg /ml 
during the expenment They also lUnstrat© the efficiency 
■with which ascorbio acid reconverts DOPA qninone into 
DOPA 

B Catechol The molybdate method, used by Kae (1930) 
for adrenalme estimation and said to be applicable to all 
catechol derivatives, was considered The statement of 
Evans & Raper (1937 a) that ascorbic acid gives a green blue 
coloration -with the molybdate reagent was discouraging, but 
trial did not reveal any trace of such coloration, and the 
foUo-wing procedure was found to be apphcable even m the 
presence of ascorbic acid Eor the determmation of a pomt 
on a cahbration curve a solution was made up by mtxmg 
(a) 4 0 ml of catechol standard solution, (b) 7 0 ml of 0 6m- 
phosphate buffer (pH 6 0), (c) 6 0 mL of 0 192N-NaOH and 
(d) 2 0 ml of 20 % ammomum molybdate An absorptio- 
meter reading was taken 20 mm after the molybdate 
addition, using the 1 om cell and filter no 7 of BQlger set 
H 466 The colour mtensity contmues to morease after its 
first almost instantaneous development, hut not so rapidly 
(e g absorptiometer reading mereasmg from 0 246 at 20 min 
to 0 261 at 160 mm ) as to lead to error, pro-vided that the 
mterval between molybdate addition and absorptiometer 
readmg is kept -withm the limits of 20-30 mm A cahbration 
curve was constructed covering catechol concentrations np 
to 0 S mg /mL To mcrease the accuracy of the method at the 
lower concentrationa a second curve was prepared usmg the 
4 cm absorptiometer cells with doubled volumes of solutions 
(a) to (d) above This covered a range np to 0 3 mg /ml Eor 
the estimation of catechol formed from phenol m enzymic 
reaction mixtures, the metaphosphonc acid filtrates of the 
latter were used m place of solution (a) m the procedure 
which has been desenbed 

C Homocaiechol (4:-methylcatechol) When a hegmmng was 
made with the preparation of a cahbration curve for this 
ertimation by the procedure used for oatechol, it was noticed 
t at the solutions prepared for absorptiometer exammation. 
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left standing at room temperature for a day or two, mcreased 
m colour intensity by a factor of about 3 The possibibty of 
mcreasmg the sensitivity of the estimation by delaymg the 
colour measurement until this mcrease had reached its 
maximum was obvious Ascorbic acid was found not to 
affect Bignihcantly the colour mtensity developmg within 
20 min, of the addition of molybdate, but it markedly delayed 
the subsequent mcrease m colour m such a way as to suggest 
that the onset of a phase of relatively rapid mcrease waited 
upon the exhaustion of the ascorbic acid by spontaneous 
oxidation Independently of the amount of ascorbic acid 
present, the maximum colour finally reached was constant 
for a given homocatechol concentration and was stable for 
2—3 days 

Por the preparation of the cahbration curves finally used, 
ascorbic acid was added to the standard homocatechol 
solutions m an amount equal to the maximum to be expected 
m the enzyme reaction mixtures (4 mg /ml ) The procedure 
was the same as m the estimation of catechol, but absorptio 
meter readmgs were taken 20 min, and 3 hr after molybdate 
addition and each day until the maximum colour was 
attamed (not more than 6 days) The filter used was Ilford 
spectrum violet no 601 which was found to give readings 
c 60 % greater than the filter previously used Two cahbra 
tion curves were dravm, one from the 20 mm readmgs 
covering concentrations up to 1 6 mg /ml , the other from 
the maximum readmgs for concentrations up to 0 3 mg /ml 
only The latter curve was used unless homocatechol con- 
centrations outside its range, givmg maximum colours too 
mtense for satisfactory measurement m the absorptiometer, 
were encountered In the concentration range 0 2-0 3 mg /ml , 
m which a reliable comparison could be made between assess 
ments based on the 20 mm and on the maximal colour 
readmgs, good agreement was found 

D 4 6 Dinuthylcaiechol This diphenol behaved very hke 
catechol m the molybdate reaction under the conditions 
which have been described Por the estimation of 4 6 di- 
methylcatechol formed enzynucaUy from 4 6 dimethyl- 
phenol the procedure was the same as for the homocatechol 
estimations 

Estimatwn of ascorbic acid 

Samples of the metaphosphonc acid filtrates of the reaction 
mixtures, which had been prepared as already described for 
o diphenol estimation, were titrated with a standardized 
solution of 2 6 dichlorophenohndophenol from a micro 
burette 

RESULTS 
Oxidation of tyrosine 

Course of oxidation in presence of ascorbic acid The 
results were of the type illustrated m. Fig 1 It will 
be seen that the observed oxygen uptake was in good 
agreement with that calculated for the oxidation of 
ascorbic acid and the formation of DOPA The lag 
phase at the beginning of the oxygen-uptake curve 
corresponds with the lag m the mitiation of ascorbic 
acid oxidation Smce the latter is a secondary oxi- 
dation effected by DOPA qiiinone, as the concentra- 
tion of DOPA and, therefore, the rate of DOPA- 
qumone formation mcreases from zero, the rate of 
ascorbic acid oxidation also mcreases In t.bia experi- 
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ment it reaches a maximal value when the DOPA 
concentration has reached 0 0006 m, and remains 
almost hnear until aU the ascorbic acid has been 
oxidized Tlie curve m Fig 1, showmg the changmg 
concentration of DOPA durmg the experiment, 
provides no evidence of the occurrence of a lag phase 
m the oxidation of tyrosme to DOPA 



Pig 1 Oxidation of tyrosme bj tyrosmase m the presence of 
ascorbic acid Solution saturated with tyrosme, excess 
sohd present Enzyme concentration, 0 07 mg (dry 
wt )/ml @ — ©, dihydroxjqphenylalanme concentration, 
the curve representmg the expression Q=Q nijif&O +t), 
where Q = concentration and / = time, • — •, ascorbic 
acid concentration, x — x , oxygen uptake, the broken 
Ime showing the calculated oxygen requirement for 
ascorbic acid oxidation and DOPA formation 

Decline in rate of formation of DOPA The rate of 
DOPA accumulation appears to be maximal at the 
start, and then progressively dechnes, although the 
concentration of DOPA contmues to mcrease so long 
as ascorbic acid is present to prevent its oxidation 
beyond the reversible DOPA-qumone stage Smce 
the concentration of the substrate of the primary 
oxidation (tyrosme saturated solution with sohd 
phase present) remains constant throughout the 
experiment, the dechne m rate of DOPA formation 
must be due either to mactivation of enzyme or to m 
lubition by reaction products, 1 e DOPA or dehydro 
ascorbic acid In the absence of any other mdication 
of the second of these alternatives, the first seems tlie 
more probable, the susceptibihty of tyrosmase to 
mactivation durmg its reactions bemg widely 
recognized 

Calculation of for oxidation of DOPA On the 
assumption that the decrease m rate of DOPA 
formation is due solely to enzyme mactivation this 
rate at any given time, 1 e the slope of the tangent to 
the DOPA concentration curve at that time, may be 
taken as a measure of the amount of active enzyme 
still present By drawmg tangents to tlie ascorbic 
acid concentration curve the rate of oxidation of 
ascorbic acid at any moment may be determmed, 
and this is equal to the rate of oxidation of DOPA to 
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DOPA qumone From this, by the use of the figure 
for the amount of residual active enzyme at the same 
moment obtamed in the manner mdicated above, 
one can calculate a Qoj value for the oxidation of 
DOPA by the enzyme preparation used m the experi- 
ment The Qq^ values so obtamed for different times 
after the begmnmg of the reaction each relate to 
a different substrate (DOPA) concentration, the 
magnitude of -which may be found firom the 
DOPA-concentration curve 

Thus the data required for the construction of 
an awti-vity -substrate concentration curve can be 
abstracted, the acti-vity referred -to bemg the ca-be- 
cholase (asdistmctfromthemonophenolase) activity 
ofthe enzyme, with DOPA as substrate This curve 


Q = 0 77^/(160 -b«), m which Q is the DOPA concen- 
■tration m mg / ml and t is the tune m rnmutes after 
the start of oxidation The values of Q calculated 
from this expression are compared with the observed 
values m columns 2 and 3 of Table 1 The fourth 
column of Table 1 gives the rates of DOPA formation 
at different times, i e the calculated values of 
dQldt= 123/(160 + 1)^, these bemg taken as a measure 
of the amount of enzyme still m the active condition 
The fifth column shows this amount as a percentage 
of the amount mitially present The values for 
ascorbic acid oxidation, representmg DOPA oxida- 
tion by the residual active enzyme, are m column 6, 
and -tile correspondmg DOPA concentrations m 
molar terms m the last column of the table 


Table 1 Oxtdatwn of iyromie+ ascorbic acid by tyrosiimse 


Time 
(mm ) 

DOPA concentration 
(mg /ml ) 

r ^ 

Found Calc * 

Rate of DOPA 
formation 
(mg /ml /mm )t 

Enzyme 
stdl active 
(%) 

Qq of ascorbic 
acid 

oxidation 

DOPA 

concentration 

(10-* M) 

0 

0 00 


0 00 

0 0048 

100 

— 

— 

6 

0 021 


0 023 

0 0046 

94 

— 

1 2 

10 

0 046 


0 046 

0 0043 

90 

2400 

23 

15 

0 065 


0 066 

00040 

83 

3000 

33 

20 

0 086 


0 086 

0 0038 

70 

3700 

43 

26 




0 104 

0 0036 

76 

4600 

62 

30 

0 120 


0 122 

0 0034 

71 

6000 

62 

40 

0160 


0 164 

0 0031 

66 

6600 

78 

60 

0 176 


0 183 

0 0028 

68 " 

6160 

93 

60 

0 197 


0 210 

0 0026 

62 

6800 

10 7 


* Calculated from Q=0 77t/(160 + 1) 
t Calculated from = 123/(160 -ft)° 


may then be compared with the correspondmg curve 
determmed m direct experiments -with the enzyme 
and DOPA, if tlie -two curves comcide, the above 
mterpretation of events m the reactmg system would 
be strongly supported 

Bate o/DOPA formation at zero time In attemptmg 
■bo treat the experimental data m the above way, a 
primary difficulty is m the satisfactory assessment of 
the rate of DOPA formation at zero time, before any 
enzyme mactivation has taken place For the oxi- 
dation of catechol by tyrosmase m the presence of 
ascorbic acid I\Iiller & Dawson (1941) have shown 
that the experimental da-ta fit -the relationslup 
Q = ot/(6 + 1), where Q is the total substrate which has 
been oxidized m time t, and a and b are constants, the 
magmtude of 6 bemg determmed by the rate of 
mactivation of the enzyme The reciprocal of Q 
plotted against the reciprocal of t gives a straight 
Ime, and as the slope of this Ime is the reciprocal of 
the mitial reaction velocity {dQ/dt for t= 0) the latter 
may readily be determmed ivith considerable 
accuracy 

Applinng this device m the instance under dis- 
cussion, it is found that the DOPA-concentration 
curve durmg the greater part of the experiment may 
bo represented reasonably well by the expression 


Beaction velocity and DOPA concentration In a 
separate senes of manometnc experiments the 
relationship between reaction velocity and substrate 



Fig 2 Oxidation of DOPA by tyroamase Enzyme actmty- 
substrate concentration curve 0 , direct determinations, 
@ , calculated from data of tyrosme oxidation experiment 

(DOPA) concentration was studied directly DOPA 
itself m known concentration -without tyrosme was 
used as substrate, and ascorbic acid and buffer con- 
centrations were the same as m the experiments 
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already described The oxygen uptake during the 
first 6 min after the addition of the en2ynie to the 
DOPA-ascorbic -buffer mixture was used for tlie 
purpose of calculatmg the value The Qq^ values 
obtamed by this direct method are plotted against 
substrate concentration m Fig 2, together with the 
values of Table 1 calculated from the data of the 
tyrosme oxidation experiment Tlie two sets of 
values are seen to be consistent with each other, and 
this lends support to the mterpretation of the tyro- 
sme oxidation experiment wluch has been put 
forward 
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rate contmued to mcrease until m saturated 
(c 0 026 m) DOPA solution values of about 
26,000 were recorded 

Q 03 of true monophenolase and of the overall reaction 
Tlie rmtial rate of DOPA formation m the experiment 
represented m Fig 1, calculated from the reciprocal 
plot of the DOPA accumulation curve, was 
0 0048 mg /ml /mm , wluch corresponds to a 
Qoj Og/mg dry wt /lir ) of 230 for the enzyme 
preparation used When tyrosme m saturated solution 
mO iM-phosphatebuffer (pH7 0) was oxidized m the 
absence of ascorbic acid, with the same enzyme 



Fig 3 Oxidation of monophenola ivith tyrosinase, m the absence of ascorbic acid Curves A and B, tyrosme, satura 
solution (c 0 0026m), A, 0 36 mg enzyme, B, 0 07 mg enzyme Curve C, 0 005m phenol, 0 02 mg enzyme Curve 
D, 0 006 M p cresol, 0 007 mg enzyme Curve E, 0 017 m 4 6 dimethylphenol, 0 36 mg enzyme 


It follows from this result that the presence of 
tyrosme m saturated solution (c 0 0026 m) does not 
significantly inhibit the oxidation of DOPA by the 
enzyme The apparently Imear course of the oxida- 
tion of ascorbic acid seen m Fig 1 after the maximal 
rate is reached must be ascribed to a fortmtous 
balance of two opposmg factors, viz the progressive 
mantivation of the enzyrme which would of itself 
d imini sh, and the progressive mcrease m DOPA 
concentration which would of itself mcrease, the 
reaction rate Whth contmued mcrease m DOPA 
concentration above the range of Fig 2 the reaction 


preparation, the oxygen uptake followed the curves 
shown m Fig 3 After the mduotion period the rate 
of uptake became nearly Imear at values of 3 82 and 
0 75 fd /mm at the two enzyme concentrations 
employed, one of wluch was five times the other Tlie 
correspondmg Qq, values are 660 and 640, and two 
other similar determmations gave values of 660 
These Qo values of230 for the true monophenolase 
activity and 650 for the overall reaction are m 
accordance with the relative speeds of the component 
steps m the oxidation of tyrosme suggested by Evans 
& Paper (19376) Accordmg to the scheme put 
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Hnhsf.rftte to the same enzyme prepara- 


tyrosme, is followed by three successive relatively 
fast reactions, two of which, the conversion of DOPA 
to DOPA qumone, and, after rmg closure, the oxi- 
dation of 6 6 dihydroxj^diliydromdole-l carboxyhc 
acid to its qumone, each require one atom of 
oxygen If the secondary reactions are markedly 
faster than the first reaction, one would then expect 
the Qoj fo’' whole oxidation to be approxunately 
tliree times the Qqj of isolated primary reaction 
The aotmty substrate concentration curve of Fig 2 
shows that the Qo. for DOPA oxidation reaches a 
value of 230 at a DOPA concentration of c 0 0002m 
Durmg the oxidation of tyuosme by tyrosmase m the 
absence of ascorbic acid one would, therefore, not 
expect DOPA to accumulate beyond tlus concen- 
tration, at winch rate of removal would balance rate 
of formation, and the difficulty experienced by 
earher workers (Paper, 1926) m attemptmg to 
demonstrate DOPA formation by isolation is 
consequently not surpriamg 

Oxidation of phenol 

Rate of formation of cat-echol in presence of ascorbic 
acid The results obtamed with phenol were, except m 
one respect, quahtatively similar to the results of the 
tyrosme experiments The course of catechol accumu- 
lation at the tliree phenol concentrations studied is 
shown m Fig 4 The curves provide no evidence of 
an mduction period m the primary oxidation of 


presented as substrate to the same enzyme prepara- 
tion m the absence of ascorbic acid, the mitial lag m 
oxygen absorption was much more pronounced and 
the uptake followed a course such as that sliown m 
Fig 3 The maximal rate of oxygen usage, reached 
after 20 mm , corresponds to a Qq^ of 4700, which is 
of the order of magmtude to be expected if the rate 
of the primary reaction detenmnes the overall 
oxygen uptake rate 



10 20 30 -W so 

Time {min ) 


phenol to catechol Tlie catechol concentrations 
winch had been budt up when the experiments were 
termmated by the exliaustion of the ascorbic acid 
were 0 0053 m from 0 iM-phenol, 0 0021m from 
0 01m plieiiol and O 00096 m from O 001m phenol, 
representmg a conversion of 6, 21 and 96 % respec- 
tively of tlie substrate mitially present Only m the 
case of the lowest phenol concentration is the fall m 


Fig 4 Accumulation of catechol during the oxidation of 
phenol by tyrosinase m the presence of ascorbic acid The 
initial phenol concentration is mdicated alongside each 
curve Enzyme concentration, 0 036 mg /ml The curve 
drawQ for 01 m phenol represents the expression 
Q—2 01/(122 +t), and that forO 01m phenol the expression 
Q—0 63(/(38+(),Qbemgcatecholconcentrationinmg /ml 


primary substrate concentration durmg the course 
of the experiment hliely to have been a significant 
factor m brmgmg about the slowmg down of catechol 
formation, and the form of the catechol accumulation 
curves at the higher phenol concentrations is attri- 
buted to the result of enzyme mactivation These 
curies can be represented reasonably well by the 
equations Q = 2 0//( 122 1) and Q = 0 63i:/(38 -f <) , the 
lines draim m Fig 4 are the plots of these equations 
aud sliow the closeness of fit ‘ 

The equations give mitial values for the iso- 
lated primary oxidation of 2900 iwtli 0 1 m- and 2400 
inth 0 01 M-phonol and m other similar experiments 
figures of 3 1 00 and 2700, respectively, were obtamed 
111 the experiment with 0 OOlM-phenol the mitial 
Qo. rolatmg to this concentration cannot be judged 
watU confidence hecaus© of the rapid fall m substrate 
concentration The use of the first two pomts only of 


Inhibition of catechol oxidation by phenol The 
results obtamed m the experiments with phenol 
differed qualitatively from those given by tyrosme 
m one respect Analysis of the results with tyrosme 
produced no eiudence that tyrosme had any inhibi- 
tory effect on the oxidation of DOPA by the enzyme 
Tlie results of a similar analysis of the data of the 
phenol experiments, however, could only be satis- 
factordy mterpreted if an mlnbitory effect on 
catechol oxidation were attributed to phenol It is 
not proposed to give this analysis m detail, smee the 
same effect is seen m a more mtense form durmg the 
oxidation of 4 6 dunethylphenol, to be described 
later The inhibitory effect of phenol on catechol 
oxidation was demonstrated m direct experiments 
such 33 that illustrated m Fig 5 The inhibition was 
competitive m tyqie men catecliol an(| phenol were 
present m equimolar proportions the phenol was 
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■without significant effect But -w^hen the relative 
catechol concentration was reduced to 1/6 there was 
marked inhibition, and at 1/20 strong inhibition, of 
the mitial oxygen-uptake rate It must be home m 
mind that m the phenol-contaming reaction mixtures 
the concentration of catechol mcreeises from the 
moment at which the en 2 yme is added, o'wmg to the 
conversion of phenol to catechol by the enzjune As 
a result of the mcrease m catechol concentration and 
the decrease m phenol concentration, the mlubition 
might be expected to pass off •with time, and that it 
does so IS endent m the curves 



Fig 5 Effect of phenol on oxidation m the ascorbic 
acid -f catechol + tyrosinase system • — • — #, -without 
phenol, @ — @ — @, with 0 OlM phenol 



Catechol concentration (M) 


Pig 6 Oxidation of catechol by -tyrosmaae Effect of phenol 
on the enzyme aotinty substrate concentration curve 
Dots, no phenol present, crosses, ■with 0 001m phenol, 
circles, -with 0 OlM-phenol 

Qoj c/ catechol oxidaiton The Qg, values obtamed 
in a senes of detemamations s imil ar to those sho'wn 
m Pig 5 and usmg reaction mixtures -with vanous 
catechol concentrations and (o) no phenol, (6)0 001 m- 
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phenol and (c) 0 OlM-phenol are plotted against 
catechol concentration m Pig 6 The values are 
based on the oxygen uptake m the first 2 mm of the 
reaction and are admittedly subject to a rather large 
possibihty of experimental error, and tins is ewdent 
m the scatter of pomts m Fig 6 But the nature 
of the relationship between enzyme actiinty and 
catechol concentration, and the competitive inhibi 
tory effect of phenol, are clearly discernible One 
half the maximal activity is reached at c 0 0003 m- 
catechol m the absence of phenol and at c 0 0007 and 
0 002M-catechol m the presence of 0 001 and 0 01 m 
phenol respectively 

Ovulation of p cresol 

Course of homocatechol formation in presence of 
ascorbic acid The course of homocatechol siccuniu 
lation m a series of experiments at different p cresol 



Pig 7 Accumulation of bomooatechol during oxidation of 
p cresol -with tyrosmase m the presence of ascorbic acid, 
enzyme concentration, 0 036 mg (dry -wt )/nil The mitial 
p cresol concentrations m the vanous experiments are 
recorded at the ends of the curves The uppermost curve 
represents 'the expression Q=2 6t/(46 6 + t) 


concentrations is sho-wn m Fig 7 Tlie enzyme con 
centration was the same as m the experiments with 
phenol, hut the formation of o diphenol -was much 
faster With the smaller p cresol concentrations, the 
as 3 Tnptotic approach ■to complete conversion to 
homoca-techol is apparent and even mth 0 OlM-p- 
cresol 64 % conversion had taken place m 40 mm 
Only at the highest p-cresol concentra'bion (0 1m) is 
the resultant decrease m p cresol sufficiently small 
relative to the initial concen'tration to make it 
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tmlikely that the rate of the primary oxidation is 
affected durmg the course of the exiienment by the 
fall m substrate concentration 

The uppermost curve m Fig 7 is the curve of the 
expression Q = 2 6f/(45 6 + 1), where Q is the homo- 
catechol concentration m mg /ml This expression 
fits the pomts for the expemnent with 0 lOs^p- 
cresol very well The mitial reaction velocity (^=0) 
is 0 55 mg /ml /mm corresponding to a of 8500 
TJsmg the homocatechol formation m the first 5mm 
for the calculation of Qq^ values to represent the 
monophenolase activity of the enzyme m each case, 
the results shown m Table 2 were obtamed The p- 
cresol concentrations are the means of the values at 
the begmnmg and at the end of the 5 mm period 
The figures suggest that half the maximal reaction 
velocity IS reached at a substrate concentration of 
about 0 001 m 

Table 2 Oxidation of p cre3ol + ascorbic acid by 
tyrosinase monophenolase activity at various 
substrate concentrations 

p Cresol 

concentration Monophenolase 
(M) Qoi 

0 098 7880 

0 0096 7200 

0 0040 6200 

0 0013 6180 

0 0006 3100 

Qoj o/ overall oxidation When p-cresol m the 
absence of ascorbic acid is oxidized by excess of 
tyrosmase, the oxygen uptake approaches three 
, atoms/molecule of p-cresol If the overall rate of the 
reaction is determmed by the rate of the primary 
oxidation of p-cresol to bomocatechol, one would 
expect it, m terms of oxygen-uptake rate, to be 
about three times that of the primary oxidation 
The course of oxygen uptake when the enzyme pre- 
paration used m this senes of experiments oxidized 
p-cresol m the absence of ascorbic acid is shown m 
Fig 3 The maximal rate, reached after 10 rmn , 
corresponds to a Qq. of 25,000, which is of the order 
of magmtude expected m relation to the figure of 
about 8500 found for the isolated primary reaction 
Qo. bomocatechol oxidation Inhibition by mono- 
phenol Usmg the rate of ascorbic acid oxidation m 
these experiments as an mdex of the rate of homo- 
catechol oxidation, values were calculated m the 
manner already given m the descnption of the 
tiuosme experiments They were found to be lower 
than the lalues obtamed m direct determmations 
■with horaocatechol as substrate at equivalent con- 
centrations As m the case of phenol-catechol, this 
' suggested the operation of an inhibitory effect of the 

monophenol on the oxidation of the correspondmg 
o-diphenol, which was i enfied bv direct experiment 
(Fig 8) ‘ ^ 

I Biocbem 1949, 44 
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Oxidation of 4 5 -dimcthylphenol ascorbic acid 

Bate of accumulation of 4 5-dimethylcatechol This 
was found by the reciprocal plot method to conform 
well with the relationships Q = 0'7 6tl{4:9 -f t) and 
Q = 1 0t/(115-ft) for mitial monol concentrations of 



Homocatechol concentration (m) 

Fig 8 Oxidation of homocatechol by tyrosmase Enzyme 
actmty-snbstrate concentration curve O 0> Qo^ values 
determmed m the presence of 0 Oln-p cresol 

0 02 and 0 005m respectively, Q bemg the 4 6-di- 
methylcatechol concentration m mg /ml /mm after 
time t The mitial rates of diol formation m the two 
cases (dQ/dt, t = 0) correspond to x’alues of 330 
and 180 No attempt was made to treat the data 
obtamed at lower mitial monol concentrations m 
this way, the method of estimation of the diol is not 
sufficiently rehable at lower concentrations, and 
there is the additional comphcation of a relatively 
rapidly changmg monol concentration At 0 001 M, 
the latter had been reduced to half m about 
20 mm 

Qojor diphenol oxidation vnpresence and absence of 
the monophenol In the experiments at the lower 4 5- 
dimethylphenol concentrations,the lag m the mitia- 
tion of ascorbic acid oxidation and oxygen absorption 
was much more prolonged, and the subsequent 
acceleration much more dramatic, than m any of the 
experiments with the other substrates The general 
nature of the difference may be appreciated if Fig 9, 
showing the results of an experiment with 0 001 m- 
4 6-dimethylphenol, is compared with Fig 1 The 
results of an analysis of the data of Fig 9 are recorded 
m Table 3 The rates of ascorbic acid oxidation given 
m the table were obtamed fi'om the slopes of tangents 
drawn to the ascorbic acid concentration cun’’e at 
the appropriate pomts They are taken to be equiva- 
lent to the rates of oxidation of 4 5 dimethylcatechol 
and the (catecholase) x alues given m the third 
column of the table are based on them Tlie dimethyl- 
catechol concentrations m column 4 are taken from 
the accumulative curve of Fig 9 
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The rate of oxidation of ascorbic acid during the 
first 20 min of this experiment was so small as to be 
withm the range of spontaneous oxidation under 
these conditions m controls without enzyme, so that 
even the very small values recorded m this period 

must have been seriously overestimated The later 
values, on the other hand, would be subject to 
a progressively greater magnification if it were 
possible to relate them to the amount of residual 
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Fig 9 Oxidation of 0 001 m 4 5 dimethylpbenol by tyro- 
sinase in tbe presence of ascorbic acid Enzyme concen- 
tration, 0 116 mg (dry wt )/ml Tbe broken Ime shows tbe 
calculated oxygen requirement for ascorbic acid oxidation 
and dimetbylcatecbol formation 


active enzyme msteewi of to the amount of enzyme 
mitially present These considerations together 
mdicate that the real mcrease m (oatecholase) 
must have had a more sudden onset than the figures 
m Table 3 suggest Smce, m the absence of 4 6 di- 
methylphenol, values for the oxidation of 4 6- 
dimethylcatechol were found to be of the order of 
40,000 at a dimethylcatechol concentration such as 
had been reached withm less than 10 mm of the 
be ginnin g of the experiment under discussion 
(Fig 10), the delay m the attamment of a high 
must be due to the inhibitory effect of the dimethyl- 
phenol present 

The acceleration of ascorbic acid ( = dimethyl- 
catechol) oxidation is attributed to (a) the accumula- 
tion of the substrate 4.6 dimethylcatechol and 
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(6) the removal of the inhibitory effect of the monol 
on the oxidation of the diol, as the relative concen 
tration of these changes It is most marked when the 
conversion of monol to diol is approaching comple 
tion and the monol/diol ratio changmg rapidly to 



Fig 10 Oxidation of 4 6 dimethylcatechol by tyrosinase, 
enzyme activity substrate concentration curve 


very small values The change m this ratio is shown 
m the last column of table 3 At higher imtial di 
methylphenol concentrations, eg 0 02 m, the molar 
ratio monol /diol remamed greater than umty and the 
mlnbitory effect of monol on the diol oxidation was 
mamtamed tliroughout the experiment 

The course of oxygen uptake m manometno 
experiments m which smaller concentrations of 4 6- 
dimethylphenol were used IS seen m Fig 11 In those 
curves which relate to primary substrate concen- 
trations of less than 0 002 m the very slow mitial 
uptake and subsequent rapid acceleration are 
strikingly evident The imtial rate is scarcely 
measurable, and of an order of magmtude accoimt 
able m terms of the monophenolase activity of the 
enzyme and the autoxidation of ascorbic acid For 
a given enzyme concentration, the lower the concen 
tration of dimethylpbenol the earher and the more 
sudden is the onset of the rapid phase of oxygen 
absorption, maximal rates with 0 0004, 0 0001 and 
0 000026 m dimethylpbenol are reached respectively 
m 80, 22 and 8 mm (Fig 116) On the other hand, 
at a given substrate concentration the rapid phase 
appears earher, the greater the enzyme concentra 
tion, wath 0 0004M-dimethylphenol, at 10-16 mm 


Table 3. Oxidation of 4 5-dimethylphenol -f ascorbic amd by tyrosinase 
(Dimetbylpbenol concentration imtiaUy 0 001 m ) 


Tune 

Rate of ascorbic 
acid oxidation 

Qot* 

Dimetbylcatecbol 

concentration 

Dimetbylpbenol 

concentration 

Molar ratio 

(nun ) 

(pL Oj/rnl /mm ) 

cateoholase 

(lO-^M) 

(10-®sr) 

monol/diol 

10 

08 

610 

0 26 

0 74 

29 

20 

1 3 

670 

0 49 

0 51 

1 0 

30 

23 

1200 

0 69 

0 31 

045 

40 

6 1 

2600 

084 

0 16 

019 

60 

12 4 

6400 

0 94 

006 

0 06 


* Not corrected for mactivation 



Time (min) Time (min) 

Fig 11 Oxidation of 4 6 dimethylphenol + aacorbio acid by tyrosinase Reaction mixture vol 2 0 ml , containing 8 mg 
ascorbic acid (s608 pi Oo) Initial dimethylphenol concentrations as stated against the curves, (a) 0 23 mg , 
(b) 0 058 mg , tyrosmase (dry wt ) 


with 0 232 mg enzyme (Fig 1 1 a), but at 7 0-80 nun 
with 0 068 mg enzyme (Fig 116) This is m agree- 
ment with the mterpretation already put forward, 
that the catecholase function of the enzyme is 
strongly inhibited by the monophenol, the inhibition 
passmg off swiftly when the ratio monophenol/di- 
phenoi falls rapidly as the conversion of the one to 
the other approaches completion At the higher di- 
methylphenol concentrations, 0 026 and 0 0062 m: 
(Fig 1 1 o), the rapid phase of oxygen uptake was not 
reached durmg the course of the experiment, the 
earher experiments m which dimethylcatechol con- 
centrations were estimated mdicated that this is 
because the concentration of dimethylphenol 
remamed sufficiently high m these cases to exert a 
strong inhibitory effect tliroughout the experiments 
At the lowest dimethylphenol concentrations (less 
than 0 0004m) the rapid phase of oxygen uptake 
fimshes before all the ascorbic acid has been oxidized 
(which requires 608 pi O*) , it thus appears that m 
this concentration range the rate of enzyme maeti- 
vation becomes greater with diminisbmg substrate 
concentration 

Inhihttwn ofdtphenol oxidation by monophenol The 
inhibitory effect of 4 6-dimethylphonol on the oxi- 
dation of 4 6 dimethylcatechol was demonstrated 
directly m systems containing ascorbic acid, enzyme 
and known concentrations of the two substrates 
The results of a typical experiment are shown m 
Fig 12, where the course of oxygen uptake m the 
first few minutes m systems contammg IQ-^M-di- 
mothylcatecliol and various concentrations of di- 
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Fig 12 Effect of 4 6 dimethylphenol on oxidation in the 
4 6 dimethylcatechol + ascorbic aoid+tyrosmase system, 
0 029 mg enzyme (djy wt ), 4 6 dnnethylcateohol con- 
centration, lO'^M, 4 6 dimethylphenol concentrations as 
stated against each cnrve 

methylphenol are plotted There is a marked 
depression of the initial uptake rate with 6 x 10“^M- 
monol, 1 e when the ratio of monol to diol is only 
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1 200, and the mhibition is practically complete 
when this ratio is 1 10 At the lower monol concen- 
trations the inhibition qmckly passes off, as may he 
expected owmg to the conversion of monol to diol by 
the enzyme A rough quantitative estimate of the 
extent of the inhibition m this and another similar 
experiment is given m Table 4 The estimate is based 
on the oxygen uptake m the first mmute, but it 
should be remembered that with the very low monol 
concentrations the inhibition may already be passmg 
off even withm this short time, on account of 
diminishing monol concentration 

Table 4 Inhibition of oxidation of 4:5 di- 
methylcatechol by 4 5 dimethylphenol 


Initial 

concentration 


(10 

-“m) 


Initial O2 


I 

^ , 

Ratio 

uptake rate 

Inhibition 

Diol 

Monol 

monol/diol 

(/111 /mm ) 

(%) 

10 

Nd 

— 

18 0 

— 


0 001 

0 001 

13 6 

26 


0 006 

0 006 

0 

60 


0 01 

0 01 

66 

64 


0 1 

0 1 

1 

94 


06 

06 

06 

?100 

03 

Nil 

— , 

20 




0 0012 

0 004 

86 

67 


0 006 

0 016 

6 

76 


0 02 

0 07 

1 6 

93 


Oxvdation of 4 5 dimethylphenol in absence of 
ascorbic acnd In this case, the mduction period 
before maximal oxygen-uptake rate was attamed 
was much longer than m the cases of the other mono- 
phenohc substrates imder the same conditions The 
oxygen uptake m such an experiment is moluded m 
Fig 3 The maximal rate corresponded to a of 
620, reached after the reaction had proceeded 100 
mm This may be compared with the value of 330 
found for the isolated primary reaction m the 
presence of ascorbic acid at a similar dimethylphenol 
concentration 

DISCUSSION 

The behaviour of the reactmg system containmg 
monophenol, tyrosmase and ascorbic acid can m 
each of the cases studied be adequately explamed m 
terms of (a) specific monophenolase activity of the 
en2yme preparation, maximally effective, m the 
presence of ascorbic acid, at the moment of addition 
of enzyme to substrate, (b) specific oatecholase 
activity of the preparation, (c) progressive macti- 
vation of the enzyme durmg the reaction, and 
(d) competitive inhibition of oatecholase activity by 
monophenols The relative magmtude of these 
factors determmes the course of oxidation m each 
particular case Comparmg the oxidation of 
tyrosme + ascorbic acid with that of 4 6 dimethyl- 
phenol -{-ascorbic acid, for example, we find that the 
Qo, values for the isolated primary oxidations were 
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not very different (230 for 0 0026M-tyrosme, 180 for 

0 006M-dimethylphenol) The oxygen uptake reached 
its maximal rate much more rapidly with tyrosme 
than with dimethylphenol, because dimethylphenol 
strongly inhibits the oxidation of the dimethyl 
catechol formed from it m the primary reaction, 
whereas tyrosme has no such inhibitory effect on 
DOPA oxidation Agam, the effect of this inhibition 
m accentuatmg and prolongmg the mduction phase 
of the oxygen-uptake curves is much more st rikin g 
m the case of dimethylphenol than with phenol or 
p cresol not only because the inhibition for a given 
monol/diol concentration ratio is more powerful, but 
also because the rate of diphenol formation is much 
slower, the relative monophenolase activities for 
the substrates phenol/p-cresol/dimethylphenol bemg 

1 0/2 6/0 1, whereas tlie relative oatecholase activities 
with catechol/homocatechol/dimethylcatechol were 
1 00/0 83/0 69 

Reference was made m the mtroduction to the 
conclusion of other workers that the oxidation of 
monophenols by tyrosmase is dependent m some 
way upon the simultaneous oxidation of 0 diphenol 
by the enzyme, though not a result of secondary 
oxidation of monophenol by products of oxidation 
of diphenol In the case of each monophenol studied 
m the present work, however, the rate of the primary 
oxidation to 0 diphenol appears to be maximal at the 
very be ginnin g of the enzyme reaction, and, when an 
mduction period is evident before the maximal 
oxygen-uptake rate is reached, it is due m the mam 
to the mhibitmg effect of monophenol on diphenol 
oxidation This leads mevitably to the conclusion 
that the presence of o-diphenol isnotin fact necessary 
for monophenolase activity to be displayed How 
then is the mduction period observed when mono 
phenol IS oxidized m the absence of ascorbic acid to 
be explamed ? With 4 5 dimethylphenol as substrate 
the of the primary reaction m the presence of 
ascorbic acid was found to be of the order of 300 for 
the enzyme used m this work In the absence of 
ascorbic acid, with the same substrate, the total 
oxygen-uptake rate reached a value correspondmg 
to = 620, but only after a long mduction period 
durmg the earher part of which the oxygen uptake 
rate was almost zero (Fig 3) This maximal value of 
620 does not conflict with a Qq^ (monophenolase) of 
about 300, but the fact that the mitial oxygen -uptake 
rate was very much smaller than that appropriate to 
a Qq of 300 pomts to the conclusion that m the 
absence of ascorbic acid the monophenolase function 
of the enzyme was at first relatively qmescent, and 
that it was activated hy o diphenol as the latter 
slowly accumulated Ascorbic acid appears to brmg 
about an almost instantaneous activation of mono- 
phenolase function and its effect m this respect is not, 
as other workers have supposed (Nelson & Dawson, 
1944), dependent on its favourmg o-diphenol accu- 
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mulation Indeed from the moment of completion of 
the reaction mixture by addition of enzyme onwards, 
monophenolase activity dimimshea on account of 
enzyme mactivation, in spite of the progressive 
mcrease of o diphenol concentration and oxidation 
Ascorbic acid and o -diphenols have m common rather 
strong reducmg power and similar reducmg groups, 
and it seems possible that the effect which they have 
on monophenolase function may be dependent on 
this property At any rate the new evidence is 
agamst the existence of any specific role for o-di- 
phenols m relation to monophenol oxidation 

It IS regrettable tliat the methods avadahle for 
0 diphenol estimation did not permit the studies of 
o-diphenol formation to be carried out over a suf- 
ficient range of monophenol concentration to provide 
rehable activity substrate concentration curves for 
the isolated primary oxidation With each mono- 
phenol substrate, monophenolase activity was 
highest at the highest substrate concentration 
employed, even when this was as great as 0 1m, and 
there was no sign of inhibition such as is observed 
with the o diphenohc substrates at such high con- 
centrations The strong competitive inhibitory effect 
of qmte low concentrations of 4.6 dimethylphenol 
on the catecholase function of the enziyme suggests 
a much greater afflmty of the specific ‘ catecholase 
centre ’ m the enz,yme for this monophenol than for 
the 0 diphenols or other monophenols used Were the 
same centre responsible for monophenol oxidation, 
one would expect the substrate concentration neces- 
sary to saturate the enzyme to be particularly low 
m the case of dimethylphenol The few facts avadable 
are not m accordance with this expectation In the 
case of dimethylphenol the (monophenolase) was 
330 at 0 02m substrate, but only 180 at 0 005m- 
substrate, wlulst with p cresol a value of 7200 at 
O 01m had fallen only to 5000 at 0 001m, suggestmg 
that the affimty for dimethylphenol was appreciably 
less than for p cresol Thus it appears probable that 
the actinties of the enzyme or enzyme complex m 
respect of monophenol and o-diphenol are located at 
different centres 

The optimal concentrations of the o diphenohc 
substrates were O 004m for catechol, O 006 m for 
homocatechol and 0 00036m for 4 6 chmethyl- 
catechol Two of these values agree reasonably well 
with the figures given by Nelson & Dawson (1944), 
0 002 and 0 0007 m for catechol and dimethylcatechol 
respectively For homocatechol these authors give 
O 0006m as the optimal concentration and there 
appears to be no obvious explanation of the dis- 
crepancy It V ould be unwise to assume that these 
differences m optimal concentration reflect dif- 
ferences m enzjune substrate aflBmties, m the 
absence of knowledge of other factors which deter- 
mme the shapes of the actmty substrate concen- 
tration curves, and in particular of the reason for 


the falling off m activity at high substrate concen- 
trations, which IS especially marked m the case of 
dimethylcatechol The relative activity towards the 
three o-diphenohc substrates, at the optimal con- 
centration of each, of 1 00 0 83 0 69, does not differ 
greatly from the ratio of 1 00 0 88 0 74 quoted by 
Nelson & Dawson (1944) 

So far as the experiments which have been 
described show, the monophenolase and catecholase 
activities of tyrosmase appear to be functionally 
mdependent, except as regards the mactivation of 
the enzyme durmg the reaction In the treatment of 
the data obtamed m the monophenol oxidation 
experiments, the rate of formation of o diphenol was 
taken as a measure of the amount of enzyme still m 
the active condition, m those experiments m which it - 
was considered that the dechne m this rate could not 
be attributed to the dunmution m monophenol 
concentration Catecholase activity, assessed m 
terms of oxidation rate of ascorbic acid, was then 
related to the amount of residual active enzyme 
detennmed m tins way The (DOPA) values 
thus calculated from the data of the tyrosme oxida- 
tion experiment were found to agree very well with 
those obtamed by duect manometnc studies of the 
oxidation of DOPA itself (Fig 2), and this appears 
to justify the calculation, but m the calculation the 
amount of residual active enzyme, to which the 
DOPA oxidation was attributed, was judged by 
the extent of residual monophenolase activity This 
suggests that the process of mactivation affects 
equally both the catecholase and monophenolase 
functions, and, therefore, that these are properties of 
one and the same enzyme complex The extent to 
which the data relatmg to the oxidation of the other 
monophenols conform with this view is not readily 
judged, because of the additional comphcatmg factor 
of inhibition of o diphenol oxidation by the mono- 
phenol present 

Nearly aU previous experimental work on the 
oxidation of monophenols by tyrosmase has been 
earned out with the imtially simpler system con- 
taining only monophenol, enzyme and buffer The 
quantitative study of o -diphenol formation m such 
systems presents obvious difficulties on account of 
the pigment developed, but it is hoped that such 
studies may soon be made It is by no means certam, 
however, that the behaviour of the enzyme m the 
absence of ascorbic acid is of greater biological 
significance than its behaviour m the presence of 
this substance Of the two sources of tyrosmase 
which have been chiefly used, the mushroom is 
stated to contam no ascorbic acid (Medical Research 
Couned, 1946), but the potato may contam up to 
30 mg /lOO g Several authors have suggested that 
the o-diphenol-tyrosmase system may play a part m 
the economy of plant tissues, by forming the termmal 
link m a respiratory chain (BosweU & IVhitmg, 1938, 
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Baker & Nelson, 1943) According to their view the 
o-quinone formed m the presence of oxygen by the 
enzyme abstracts hydrogen from some unspecified 
hydrogen donator and is consequently reconverted 
to o-diphenol In the potato one would expect 
ascorbic aftid to be a powerful competitor for this 
qumone, unless it is m some way separated spatially 
from the enzyme m the tissue cells The mono- 
phenolase function appears to have been regarded by 
the proponents of this theory merely as a mechanism 
for providmg the o-diphenol necessary for such a 
respiratory function Robmson & Nelson (1944) 
formed the opmion that m the presence of tyrosmase 
only a trace of DOPA sufficient for the above purpose 
accumulated, and suggested, to explam this, that the 
oxidation of tyrosme was strongly inhibited by 
DOPA No direct experimental evidence m support 
of these speculations was given, however, and the 
evidence now presented has shown that considerably 
more than traces of DOPA may aocumulate There 
was, it IS true, a faUmg off m the rate of DOPA forma- 
tion durmg the enzyme reaction, although the tyro- 
sme concentration remamed constant, but this can 
be adequately accounted for by enzyme mactivation 
The possibdity that the monophenolase function of 
tyrosmase may also be important for syntheses of 
substances other than the substrate for the cate- 
cholase function ought still to be borne m mmd 

SUMMABY 

1 Colorunetnc methods for the estimation of 
o-diphenol m enzymic reaction mixtures contammg 
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ascorbic acid and the correspondmg monophenol are 
described 

2 The results of studies of the course of oxygen 
uptake, o-diphenol formation and disappearance 
of ascorbic acid durmg the oxidation by tyro 
smase, m the presence of ascorbic acid, of tyrosme, 
phenol, p cresol and 4 6 dimethylphenol (3 4 di 
methylphenol) are reported 

3 The primary oxidation of monophenol to 
o-diphenol by tyrosmase m the presence of ascorbic 
acid was found to proceed at maximal rate at the 
moment of addition of enzyme to substrate There 
was no mduction period such as is observed m 
the absence of ascorbic acid This leads to the 
conclusion that o-diphenol plays no specific part 
m facihtatmg the oxidation of monophenols by 
tyrosmase 

4 The behaviour of the reactmg system contammg 
mitiaUy monophenol, tyrosmase and ascorbic acid 
can be adequately explamed m terms of (a) specific 
monophenolase activity of the enzjme preparation, 
(6) specific catecholase actnnty of the enzyme 
preparation, (c) progressive mactivation of the 
enzyme durmg the reaction, (d) competitive m- 
hibition of catecholase actmty by monophenols 

6 The bearmg of the results on current views 
of the nature and action of tyrosmase is discussed 
It IS suggested that they support the wew that 
tyrosmase is a smgle enzyme or enzyme complex 
havmg mdependent centres associated specifically 
with its monophenolase and with its catecholase 
functions 
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Polysaccharides Synthesized by Aerobic Mesophilic 
Spore-forming Bacteria 

By W G C BORSYTH Aim D M WEBLEY, Macaulay Institute for Soil Research, Aberdeen 

[Received 6 August 1948) 


In the classification proposed by Smith, Gordon & 
Clark (1946) the genus BaoiUus has been divided mto 
three groups depending prmcipally on morphological 
differences m the size and shape of the spores and 
the shape of the sporangia Their classification and 
nomenclature has been used throughout tins paper 
The bstefih of group I are known to synthesize 
fmotosans from sucrose, those obtamed from B 
subtilis, B megatherium and B pumilus [mesen- 
tencus) have been mtensively studied (Harrison, 
Tarr & Hibbert, 1930, ChaUmor, Haworth & Hirst, 
1934, Lyne, Peat & Stacey, 1940, Evans & Hibbert, 
1946) and all have been shown to be levans of the 
same general structure conta i n ing D-finictose as the 
sole constituent sugar 

The Slime attention has not been paid to the poly- 
saccharides produced by the baefih of group H 
B polymyxa has been shown to produce a levan from 
sucrose, and an unidentified polysaccharide which 
IS not a levan from other sugars (Hestrm, Avmen- 
Shaprro & Aschner, 1943) Kleczkowska, Norman & 
Smeszko (1940) isolated a new capsulated baciUus 
from cultivated soil which they named B krzemie- 
niewski In some strains well defined capsules were 
present, wliile m others the mucilage was dis- 
persed throughout the medium Kleczkowski & 
Wierzchowski (1940) reported the separation of the 
capsular polysaccharide, and solely on the optical 
rotation of the total hydrolysate and the isolation 
of mannose phenylhydrazone, deduced that the 
polysaccharide was a mannau composed of L-man- 
noseumts The sugar L mannose has not been known 
to occur previously, and it has been commented 
(Evans & Hibbert, 1946) that such a result requires 
confirmation B fcrzemiemewshiisnowconsideredby 
Snuth et al (1946), pendmg the study and isolation 
of more strains, as a mucoid stage of growth of 
B circidans It is classified as B circulans 760 m 
their collection Group III baciUi do not appear to 
produce exocellular polysaccharides 

It was not our mtention to make an mtensive 
structural analj>si8 of any of the polysaccharides 
produced by the baefih, but rather, by studying the 
nature of the constituent sugars, to discover if any 
correlation exists between the groups of the above and 
the tj^ie of polj’saccharide synthesized m presence of 
various sugars 


EXPERIMENTAL 

Cultures We are grateful to Hr Ruth E Gordon, the 
Curator of the American Type Culture CoUeotion, for her 
kindness m sending us the following strains of polysaccharide- 
producing baefih from their collection 


Group I 



Stram 



Stram 


no 



no 

B megatherium 

697 

B 

subiilia 

1248 

B pumilus 

366 

B 

cereus 

793 


Group n 




B polymyxa 

364 

B 

circulans 

294 

B brevis 

799 

B 

circulans 

295 

B alvei 

683 

B 

circulans 




B 

macerans 

396 


mtermediate 

A culture of J5 ctrci/toiw strain no 760 (P hrzemiememhi) 
was also sent The culture, as received, was a mixture of the 
smooth and mucoid stages These were separated on nutrient 
agar and designated for convemence Km (mucoid stage) and 
Ks (smooth stage) Both were tested for gum production on 
medium H of ^Cooper & Preston (1937) Km produced the 
typical colomes depicted by Kfieezkowska et al (1940), 
resembling glass beads m appearance, firm but resihent, and 
adhering strongly to the medium Ks also produced gummy 
colomes on this medium, but the colomes were not firm, and 
the growth soon coalesced to form a gummy mass on the 
surface of the plate The mucoid stage was unstable’and 
slowly reverted to the smooth stage either on frequent sub- 
culture on Cooper & Preston’s medium or after prolonged 
mcubation or storage on this medium It seems probable 
that Km, which is capsulated, is the same as stram A of 
Kleczkowska et al (1940), while Ks corresponds to their 
stram B These American cultures. Dr Gordon mforms us, 
have been m storage for 6-10 years In addition to the above, 
the following cultures of B polymyxa were availahle foi 
study B polymyxa N C T C , nos 1380, 4746, 4744, and a 
stram of B polymyxa isolated m Prof Kluyver’s laboratory 
(obtamed through the kmdness of Dr Swaby of Rothamsted) 
Culture no 4744 was that used by Hestrm et al (1943) 

Polysaccharide production Eor the preparation, of suf- 
ficient polysaccharide for analysis of the constituent sugars, 
cultures of each organism were grown on the surface of agar 
m four 9 cm Petn dishes The dishes, each contammg 
16-20 ml of Copper & Preston’s (1937) basic medium H with 
2 % of the vanous sugars, sterilized separately, were heavily 
moculated and meubated at 26° for 2-7 days, dependmg on 
the organism The surface growth was removed by means of 
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a sterile bent glass rod after the addition of a minimal 
quantity of sterile distilled water to facditate harvesting 
With Km, because of the toughness of the colomes and them 
adhesion to the agar surface, it was often necessary to leave 
the distdled water m contact with the surface growth for 
24 hr m the mcubator This was usually sufficient to detach 
the colomes, which could then be removed without any 
danger of scrapmg up pieces of agar Frequent tests subse- 
quently showed that with reasonable care no contammation 
from the agar would be encountered. Polysaccharide 
synthesis by each organism was tested on sucrose, d fructose, 
D glucose, D galactose, and i.-arabmose With each bacdlus, 
polysaccharides containing identical sugar constituents were 
produced from the last four sugars, although m different 
yields For brevity, description wdl thus be limited to the 
polysaccharides produced on sucrose and monosaccharides 
Partial purification of polysaccharides The growth, washed 
off with distilled water from four Petn dishes, was preoipi 
tated by dropping mto 4 vol of ethanol contauung 2% 
glacial acetic acid and stirrmg vigorously After standmg for 
1 hr the precipitate was filtered on a smtered glass funnel 
and washed with ethanol of mcreasing strength, and then 
with ether When dried in this manner the crude gums were 
generally in the form of fine white powders which could be 
redissolved m distdled water Impurities could be spun 
down, and the polysaochande repreoipitated with ethanol 
acetic acid and dried as before Where the mucdages were 
not readdy dissolved m water, it was sometimes necessaiy to 
rediBsolve in 0 1 N-NaOH. The products generally contamed 
a considerable quantity of mtrogenous matenal denved from 
the bacteria Whde the yield of this gum vaned with the 
bacdlus and the substrate sugar, m general c 6CM160 mg 
were obtamed from the four Petn dishes 

Hydrolysis of the polysaccharides Two hydrolyses were 
earned out on each product (a)c 20 mg gum were hydrolyjsed 
with 0 6 ml 0 In-HjSO^ for 30 nun m a sealed ampoule m 
a water bath at 100° , (6) c 20 mg gum were hydrolyzed with 
0 6 niL K-H2SO4 for 4 hr as above After the completion, 
the seals were broken and the hydrolysate neutralized to 
Congo red with sohd BaCOj The Ba salts were then oentn- 
fnged down, still m the ampoule, and the supernatant 
hqmd used for determmation of sugars The short hydrolysis 
m 0 1 N HjSOi serves to show the presence of furanose sugars 
such as n fructose which would be almost totally destroyed 
m the stronger hydrolysis When fructose was found to be 
present, the remamder of the gum was generally hydrolyzed 
with 0 6 % oxaho acid for 1 hr on a water bath and the fruo 
tose-fiee residue, if present, was precipitated with ethanol, 
washed and dned as before The residue could then be 
hydrol3ized and analyzed without mterference from fructose 
and its decomposition products 

Identification of constituent sugars The sugars present were 
identified by the paper chromatographic teohmque (Par- 
tridge, 1946, 1948, Forsyth, 1948) From the Bp values of 
the constituent sugars usmg w-butanol, phenol, and s col- 
hdme as solvents, by comparison with the position of 
standard sugars on the papers and by spraying with resoremol 
and naphthoresoromol (Forsyth, 1948), it was possible to 
identify all the sugars which were encountered. Uromo acids 
were detected both by the naphthoresoromol test on the 
gum itself, and by spraying chromatograms of the hydroly- 
sates with the reagent In some cases quantitative estima 
tions of sugars were made, after extraction from chromato- 
grams, by the method of Flood, Hirst & Jones (1947) 


BESULTS 

Polysaccharides 0 / Bacillus cereus 793, Bacillus 
subtilis 1248, Bacillus purtulus 366 

Wlien grown on sucrose these bacilli produced 
copious yields of gum, but no synthesis took place 
on a monosaccharide substrate On hydrolysis with 
0 iN-sulphuric acid or 0 6 % oxahe acid, no appreci 
able residue of ethanol-msoluble matenal remamed, 
and only one spot was obtamed on paper chromate 
grams, which was readdy identified as finictose from 
its jBj, values (n-butanol 0 10, phenol 0 61, 5 col 
hdine 0 42) and its colour reaction on spraymg with 
naphthoresoromol That d - fructose was the reduemg 
sugar present was readdy confirmed m each case by 
measurmg the optical rotation and the reduemg 
sugar value of a hydrolysate of the mother sample of 
the gum 

Polysaccharide 0 / Bacdlus megathenum 697 

This bacdlus produced polysaccharides on both the 
sucrose and monosacchande media The gum from 
the sucrose substrate, on hydrolysis with the 
0 iN-sulphuric acid gave only d - finictose, identified 
as before In the more concentrated N-suIphunc 
acid, however, the finictose was mainly destroyed 
giving only a famt spot, whereas another sugar was 
present winch proved to be glucose After hydrolysis 
m oxaho acid c 40 % of ethanol-msoluble residue 
stdl remamed, which on further hydrolysis with 
N sulphuric acid gave a hydrolysate firee from fine 
tose, but contauung the other sugar as well as uromde 
material This sugar was shown by spraymg with 
resoremol to be an aldose and was readdy identified 
as glucose from its Pp values (n-butanol 0 07 , phenol 
0 39, s coUidme 0 39) This was confirmed by the 
preparation of glucosazone from the hydrolysate of 
the finictose free residual polysaccharide The gum 
from tlie monosacchande media contamed no 
fructose, givmg only glucose and uromc material on 
hydrolysis The presence of uromdes was confirmed 
by the naphthoresoromol test It is probable that 
the gum produced on sucrose media is a mixture of 
levan and the glucose-uromc polysaochande, which 
IS synthesized alone on the monosacchande media 

When grown on the hqmd media of Tarr & Hibbert 
(1931) with the addition of 2% yeast extract and 
with sucrose as substrate sugar, only levan was 
produced, no glucose being detected, and the gum 
was completely hydrolyzed with oxahe acid This 
phenomenon has been more closely investigated with 
P polymyxa 

Polysaccharide of Bacillus polymyxa 

All the strains of B polymyxa mvestigated gave 
the same results When grown on monosaccharide 
media a finictose-fine polysacchande was obtamed. 
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winch on hydrolysis with n - sulphuric acid, but not 
with 0 iN-sulphunc acid, gave a hydrolysate shown 
by chromatography to contain two sugars One of 
these was glucose and the other was identified as 
mannose from its Rf factors (n-butanol 0 10, 
phenol 0 46, 5 colhdme 0 46) and resorcmol spray, 
which showed it to be an aldose This was confirmed 
by the preparation of mannose phenylhydrazone 
firom a hydrolysate of the remamder of the gum 
Uromdes were also present 

When grown on sucrose medium a g^um was 
obtamed, which on hydrolysis with dilute acid gave 
fiructose, identified as before On hydrolysis with 
stronger acid a more complex sugar mixture was 
formed With n-butanol two spots were present with 
Bp factors correspondmg to glucose and fructose, but 
with phenol and s colhdine three spots were apparent 
Apart from the glucose and fructose, mannose was 
also identified Mannose and fiructose have the same 
Bp factor m butanol After removal of the fimctose 
with oxahc acid, the residual polysaccharide gave 
the same sugars on hydrolysis as were produced 
from the polysacchande formed on the mono- 
saccharide substrate Asm the case of jB megaihenum, 
a much larger proportion of levan was formed 
when B polymyxa was grown on Tarr & Hibbert’s 
hquid medium 

Dependence of levan production 
on culture media 

As we have seen, both B megatherium and B poly- 
myxa produce, from sucrose on Tarr & Hibbert’s 
(1931) hquid medium, mamly levan, whereas on 
Choper and Preston’s (1937) sohd media a consider- 
able proportion of other polysaccharides, which are 
the sole products firom a monosaccharide substrate, 
IS produced This difference may be due to one, or 
more than one, of the followmg factors (1) aeration 
differences between sohd and hqmd culture, (2) dif- 
ferences m sucrose concentration (2 % m Copper & 
Preston’s media and 1 0 % m that of Tarr & Pbbbert) , 
(3) mtrmsic differences m the basic media such as 
phosphate concentration 

Accordmgly, B polymyxa was grown imder a 
variety of conditions, and levan estimated as 
reducmg sugar after hydrolysis of the gums with 
oxahc acid The residual ethanol-insoluble polysac- 
charide was also estimated by isolation and weighing 
The results are shown m Table 1 The residual poly- 
saccharide, even when only present m traces, gave 
glucose and mannose on hydrolysis It is apparent 
from Table 1 that the aeration factor plays no part 
m levan production Indeed a sundar mixture of 
polysaccharides is produced when B polymyxa is 
grown anaerobically Bfigh concentrations of both 
sucrose and phosphate appear to be necessary for 
optimal levan production 


Table 1 Levan production by Bacillus pol 3 Tnyxa 


Residual 


Basic media ^ 


Cooper & 
Preston 
(1937) 

Tarr & 

Hibbert 

(1931) 


( 

1 


Levan gum as 


Type of Sucrose 

PO, 

{% of 
total 

%of 

total 

culture 

(%) 

(g/1) 

gum) 

gum 

Liquid 

2 

Oil 

44 

43 

Sohd 

2 

on 

39 

39 

Sohd 

10 

on 

37 

41 

Sohd 

10 

0 63 

69 

13 

Liquid 

10 

0 63 

86 

7 

Sohd 

10 

0 53 

70 

4 

Sohd 

2 

0 63 

37 

40 

Sohd 

10 

on 

67 

25 


Polysaccharides of Bacillus brevis 799, 
Bacdlus alvei 683 

These strains produced polysaccharides contammg 
the same sugars on both sucrose find monosaccharide 
substrates No levan was formed On hydrolysis 
with N-sulphunc acid, glucose and a uromde fi:action 
were the only sugars identified 


Polysaccharides of Bacdlus circulans 294, Bacdlus 

eirculans, Bacdlus macerans intermediate 396 

These bacdh, like the last two and aU subsequently 
to be discussed, produced polysacohandes con- 
tammg the same sugars on both sucrose and mono- 
saccharide substrates and did not synthesize levan 
Hydrolysis of the gum with it-sulphunc acid gave 
two sugars which were identified as before from 
them Bp factors and resorcmol spray as glucose and 
mannose Uromdes were also present 

Polysaccharide of Bacdlus circulans 296 

Hydrolysis of the gum produced by this bacdlus 
with N-sulphuric acid gave a mixture of three sugars 
as well as uromc residues Two of the sugars were 
readdy identified as before as glucose and mannose 
The third sugar was shown to be a pentose by 
resorcmol spray and was identified eis xylose fi’om its 
Bp factors (n-butanol 0 13, phenol 0 44, s-cofiidme 
0 60) Comparison was made on chromatograms 
with the other three pentoses, arabmose, ribose, 
lyxose, m order to confirm that the sugar was xylose 
The presence of xylose was further confirmed by the 
preparation of the dimethyl acetal of dibenzyhdene 
xylose (Breddy & J ones, 1946 , Wise & Batchff, 1947) 
firom the sugar syrup prepared fi-om a hydrolysate of 
the remamder of the gum 

Polysaccharides of Bacdlus circulans 760 
(Beicdlus krzenuemewski) 

These have been most carefully studied smee it 
has been claimed (Kleczkowski & Wierzchowski, 
1940) that a mannan composed of l mannose umte 
is the mam polysacchande S 5 Tithesized 
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Ks {smooth foim) The strain was grown on a range 
of sugars and the crude gum isolated as for the other 
bacilh previously discussed A rough estimate of the 
production of polysaccharide hy the stram on dif- 
ferent sugars may be gamed from a comparison of 
the yields of this partly purified product shown m 
Table 2 The gums contamed no levan, and on 
hydrolysis gave glucose and mannose, identified 
chromatographically as before 

Table 2 Yields of gum by Bacdlus circulans 760 
{smooth form) on different sugars 

(Growth at 26° for 7 days) 


Sucrose 

mg /plate 
108 

D Galactose 

mg /plate 
24 

Manmtol 

62 

Lactose 

24 

D Glucose 

68 

L Axabmose 

14 

D Fructose 

46 

L Rhamnose 

4 


Km {mucoid form) Similar analysis was made on 
the poljrsacchande synthesized by the well-capsu 
lated form of the organism and the same constituent 
sugars were found to be present To exclude the 
possibfiity that this polysacchande, which is of a 
more complex nature than a simple mannan, is 
synthesized because of different culture conditions, 
both Ks and Km were grown on the media used 
and the conditions prescribed by Kleczkowsla & 
Wierzchowski (1940) Agam both glucose and 
mannose were detected m the hydrolysates 

For further investigation larger amounts of gum were 
prepared from Ks, and further purified m a similar manner to 
that descnbed by Kleozkowski & Wierzchowski (1940) 6 g 
of the gum were heated under reflux with 300 ml n KOH for 

3 hr on a water bath at 100°, and the hot solution filtered 
through glass wool and then centrifuged On coohng a very 
VISCOUS gel formed The alkahne solution was poured mto 

4 voL of ethanol contammg acetic acid, washed with ethanol, 
then ether, and dried When purified by electrodialysis, as 
descnbed by Kleczkowski & Wierzchowski, a low yield of 
purified product was obtained Nevertheless, this method 
was used with a portion of gum to obtam sufficient material 
for sugar analysis On hydrolysis of the eleotrodialyzed poly 
sacchande, glucose and mannose were formed as before The 
bulk of the material was further purified m good yield by 
forming the copper complex by the addition of CuSO^ to an 
alkahne solution of the gum The complex was washed with 
hot water, and then decomposed with ethanol containing 
HCl and washed free from Ou++ and Cl“ ions with ethanol 
After drying with ether, the regenerated gum was redissolved 
m a small volume of 0 1 n NaOH and precipitated by a large 
excess of glacial acetic acid. After drying with ethanol and 
ether the product (1 46g ) was a fine white powder, difficultly 
soluble m water to give an opalescent, very viscous solution 
It was readdy soluble m dilute alkah and was almost free 
from ash and N After electrodialysis it gave an eqmvalent 
weight of 698 on titration with 0 ln-NaOH using phenol 
phthalem as mdicator The eqmvalent weight was not sigm 
ficantly altered on fractional precipitation of the poly- 
sacchande with ethanoL Determmation of uromc anhydnde 
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by COj evolution on refluxing with 12 % HCl gave a value 
of 28 9 % (calculated from eqmvalent weight, 29 8%) This 
uromc acid would give rise to c 6 3 % furfural (found, 61%) 
which confirms the absence of pentoses Glucose, mannose, 
and a uromc acid were agam shown to be present by paper 
chromatography 

The sugars on the paper chromatograms were determmed 
by the method of Flood et al (1947) glucose/mannose ratio 
(Exp 1)1 63, (Exp 2)146 Usmg a known weight of xylose 
as an mtemal standard, the actual percentages of glucosan 
and mannan were determmed (Table 3) Mannose was also 
estimated as the phenylhydrazone by the method of Jones, 
Hirst & Woods (1947) 

Table 3 Composition of purified gum from mucoid 
form 0 / Bacillus circulans 760 

Uromc 



Glucosan 

Mannan 

anhydnde 

Eqmv 


{%) 

i%) 

(%) 

wt 

Theoretical 

41 8 

27 9 

30 3 

681 

Found 

40 5 

25 6 

26 8* 

28 9 

698 


♦ As phenylhydrazone 


Hydrolyses with 0 2 % oxahc acid for 4 hr or with 

0 In H.SO4 for 30 min at 90° were not eflective m sphttmg 
off reducmg sugars, suggesting the absence of furanose sugars 

1 0 g polysacchande was refluxed with 60 ml n-HjSO* for 
3 hr , and the change m rotation determmed (1 hr , 
[a]“‘ + 29 6°, 2 hr, -i-33 3°, 3 hr, +33 3°) While this 
rotation is of the nght order for a mixture of d uromc acids, 
D glucose and ( ?) mannose, such as are produced, it is m 
direct contrast to that of Kleczkowski & Wierzchowski, who 
obtamed a negative rotation The hydrolysate was neutral- 
ized with BaCOj , centrifuged and concentrated On addition 
of methanol no banum aldobionate fraction separated The 
solution was concentrated to a syrup and taken up m 10 ml 
water and mannose phenylhydrazone prepared, m p 192 
The hydrazone was then decomposed by boihng m water 
with a slight excess of benzaldehyde, and, after filtration 
and removal of the excess benzeddehyde with ether, the 
regenerated mannose was shown by optical rotation, 
[a]^ =+ 14°, to be D mannose That mannosewas the sugar 
regenerated was confirmed by paper chromatography 

DISCUSSION 

The results obtamed are tabulated m ^ 

apparent that levan formation is confined to group I 
bacilh, with the exception of Bacillus polymyxa, and 
the synthesis of other polysaccharides to group H 
bacilh, with the exception of B megatherium B 
polymyxa and B megatherium might be considered 
as mtermediate smce they produce varymg proper 
tions of both levan and other polysaccharides from 
sucrose depending on the culture conditions B 
circulans strains produce polysaccharides con- 
tammg glucose, mannose and a uromc acid The 
nature of the polysacchande is mdependent of the 
substrate sugar It is, of course, by no means proved 
that these complex polysacchandes are not merely 



Vol 44 


POLYSACCHAUrDES FROM BACILLI 


469 


mixturss of simplo dextrans, mannans and poly- 
nronic acids, Tniti aftompts "to frac'tiona'to tticm liy 
fractional ethanol precipitation have proved un- 
successful "W^G have not been able to confirm 
Kleczkowski & Wierzchowski’s (1940) claim that 
B JcrzemiemewsLt produces a mannan composed of 
L-mannose umts The strains available synthesized 
complex polymers of glucose, mannose and uromc 
acid m the approximate ratio 3 2 2 The mannose 
was n -mannose and not the uimatural n-form 
B circulans 296 gum is umque m that it contains the 
pentose, xylose 


Table 4 Constituent sugars of the mucilaginous poly- 
saccharides synthesized by the genus Bacillus 



Bacilh 

K 

Levan 

— . ■Fnrmflitin'n 

( 

Group 

Species 

^ XWX J-l-LCIr 

on sucrose 

I 

cereus 

793 ) 

+ 


pumilus 

365 



subtilis 

1248 



megatherium 

697 

+ 

n 

polymyxa 

364 

+ 


circulans 

760 1 



circulans 

2941 

1 


circulans 

396 

f 


macerans 


) 


brevis 

799 ) 

1 


alvei 

683 ] 

1 


circulans 

296 

- 


Other polyaac- 
chaxides 
synthesized on 
sucrose and 
monosaccharides 


Glucose uromc 

1 


I Glucose-mannose- 
1 uromc 


c 

Glucose uromc 

Glucose mannose- 
xylose uromc 


It may be of some mterest that when a crude 
ethanol precipitate of a culture of these baciih is 
hydrolyzed, ribose, presumably from the nucleic 


acids, IS readily identified among the polysaccharide 
sugars 

SUMMARY 

1 The constituent sugars of polysaccharides 
synthesized by the genus BamUus from sucrose and 
monosaccharide sugars have been identified Strains 
of B cereus, B pumdus, B subtiiis, B megatherium, 
B polymyxa, B circtdans, B mrculans-macerans, 
B brevis, and B alvei have been studied 

2 There appears to be a relation between type of 
polysaccharide synthesized and the group classifica- 
tion as proposed by Smith et al (1946) Levan 
synthesis from sucrose is confined to group I bacilh 
and B polymyxa On the other hand, the synthesis 
of other polysaccharides from sucrose and mono- 
saccharides IB confined to group II bacfili and B 
megatherium 

3 B polymyxa and B megatherium are mter- 
mediate m that they synthesize both levan and 
other polysaccharides from sucrose dependmg on 
the culture medium 

4 Group II baciUi synthesize from a wide variety 
of sugars polysaccharides oontammg (a) glucose and 
a uromc acid, (6) glucose, mannose, and a uromc 
acid, (c) glucose, mannose, xylose, and a uromc acid 
The type of polysaccharide is characteristic of the 
bacdlus and not of the substrate sugar 

6 We have not been able to confirm Kleczkowski 
& Wierzchowski’s (1940) claim thatB h-zemieniewaki 
produces a maiman composed of L-mannose umts 
The strains available synthesized a complex polymer 
of glucose (3 parts), mannose (2 parts) and uromc 
acid (2 parts) The mannose was the ‘natural’ 
D -mannose 
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The Pathway of the Adaptive Fermentation of Galactose by Yeast 
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{Received 28 July 1948) 


Certain yeasts can ferment galactose by the forma 
tion of an adaptive ‘galactozymase ’ when placed m 
aqueous solutions of galactose and m the apparent 
absence of cell division (Stephenson & Yudkm, 
1 936, Spiegehnan, 1946) Thoughmuchworkhasbeen 
done on the mechanism of this adaptation (Spiegel- 
man, 1947) httle knowledge has so far been obtamed 
concerning the actual enz 3 umc changes mvolved or 
of the mtermediates formed 

Kosterhtz (1943 b), who has reviewed the informa- 
tion available, showed that a maceration jmce 
prepared from galactose -adapted yeast would 
ferment both a glucose 1 -phosphate and a galactose- 
1 -phosphate m a similar manner, he suggested that 
a-galactose 1 -phosphate played the same role m 
galactose fermentation as did a-glucose-l -phosphate 
and glucose 6 phosphate m glucose fermentation 
Workmg with dial 5 ^ed yeast extracts, Kosterhtz 
showed that 27 % of the a-galactose-l-phosphate 
added was converted mto a difficultly hydrolyzable 
ester In the same tune, about 90 % of a-glucose-1- 
phosphate was converted to glucose -6 -phosphate To 
explam these results, he suggested that at least two 
new enzymes were involved m galactose fermenta- 
tion one convertmg galactose to a galactose 1- 
phosphate, and a second convertmg this ester mto 
a glucose- 1 phosphate which is then transformed 
mto the Robison ester 

The work presented m this paper describes the 
preparation of an extract from galactose adapted 
yeast and the formation of an easily hydrolyzable 
phosphoric ester from galactose and adenosmetn- 
phosphate m the presence of this extract This ester 
has been identified as a-galactose-l-phosphate Some 
evidence is also presented m favour of the view that 
galactose 1 -phosphate is further transformed mto 
glucose -6 phosphate 

EXPERIMENTAl. 

Organisms, growth media and preparation of extracts The 
work was earned out with a stram of Dutch top yeast (Cat 
no 174) obtained fiem the Carlsberg Laboratones The 
yeast was grown m Roux bottles, each of which contained 
160 ml of the following medium 0 1 % NHjHjPO^, 0 1 % 
(NHfi.HPO,, 0 2% KB.POj, 0 2% Difco Yeast Extract, 
2 % galactose 1 % of a trace element solution The trace- 
element solution contamed, per htre MgSOj VHjO, 20 0 g , 


NnCl, 1 0 g , FeSO^ 7HjO, 0 6 g , ZnSO^ 7HiO, 0 6 g , 
MnSOj SHjO, 0 6 g , CHiSO^ 6HiO, 0 05 g , 0 In HjSO^, 
10 ml 

The medium was stenlized and moculated from a 24 hr 
culture of the yeast m the above medium at 25° After 36 hr 
at 26° the yeast was harvested, washed on the centnfuge 
with 0 06 m NaHjPOj, and made mto a thick suspension in 
a solution containmg 0 1 % galactose and 0 01 % neutralized 
NajS The suspension was then shaken with glass beads for 
16 mm on a Mickle dismtegrator (Mickle, 1948) It was 
found necessary to cany out the dismtegration under 
anaerobic conditions m order to obtam fully active extracts 
such conditions were obtamed by the addition of 0 01 % 
neutralized NajS to the suspension, and by fillin g the gas 
space m the vessels of the dismtegrator with H, The glass 
beads were filtered off on a coarse smtered glass filter funnel, 
and the filtrate centrifuged at 3000 r p m for 16 mm The 
coll five supernatant flmd was used for the experiments 

Reagents and methods The adenosmetnphosphate (ATP) 
used was made from a commercial preparation of the barium 
salt supphed by Boots Ltd This was purified by dissolving 
itmO 2 n HROjimtil the solution was justacid to Congo red, 
and then by foUowmg the final stages of the preparation 
described by Needham (1942) Galactose 6 phosphate was 
prepared aocordmg to the method of Levene & Ra3Tnond 
(1931), and a glucose 1 phosphate by the method of Hanes 
(1940) Glucose and galactose solutions were prepared fiem 
the pure bacteriological sugars supphed by Kerfoots Ltd. 

Acid production The phosphorylation of hexose by ATP m 
the 1 or 6 position results m an morease m acidity of the 
reaction mixture Phosphorylation can therefore be followed 
manometneaUy by measurmg the CO, evolved when the 
reaction is earned out m a bicarbonate CO, buffer system 
(Colowiok & Kalokar, 1943) Warburg manometers were used 
for this purpose 

Eeducmg sugar was estimated by the method of Somogyi 
(1946) Samples were first deprotemized by means of 
ZnSOj and Ba(OH), , which also removes any phosphorylated 
hexose esters Ftuctose was determmed by the method of 
Roe (1934), and pentose by the method ofMeijbaum (1939) 
The distnbution of P m the vanous fractions was determmed 
by estimation of orthophosphate by the Fiske & Subbarow 
method (1926), as follows direct estimation, P, min. = ortho P, 
after wet ashmg =total P, after hydrolysis m n HCl at 100° 
for 7 mm, Pjmin.. by calculation, P^^j^ — Pomin. =aoid 
labde P, total P— P? min. =aoid stable P 

Separation of the Ba salts of the phosphono esters formed 
durmg the reaction was earned out accordmg to the procedure 
of Umbreit, Bums & Stauffer (1946) 

Differential analysis of ‘glucose’ and ‘galactose’ by 
fermentation was earned out by a modification of the method 
of Hardmg Grant (1931-2) Dutch top yeast was used m 
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place of baker’s yeast, and the disappearance of sugar was 
followed manometncaUy by the anaerobic COj evolution 
When this was complete, the residual sugar was measured 
by the method of Somogyi (1946) 


both instances The large COj output m the control 
was undesirable, and to muuinize this it was 
neceskary to effect some purification of the enzymes 
concerned 


RESULTS 

Preliminary experiments with the crude extract 
Neither glucose nor galactose was fermented by the 
crude extract, even after the addition of boiled yeast 
extract, hexosediphosphate, acetaldehyde and ATP, 
amgly or m combmation, hexosediphosphate itself 
was not fermented The abihty of the extract to 
phosphorylate glucose or galactose m the presence of 
ATP was tested by following the mcrease m acidity 
m bicarbonate buffer, and the results were checked 
at the end of the reaction by measurement of the 
free sugar disappearmg The results are shown m 
Table 1 , 

Table 1 Effect of adenosinetriphosphate on the 
increase in acidity (COj output) and sugar dis- 
appearance on addition of glucose and galactose to 
eoctracts prepared from normal and galactose- 
adapted Dutch top yeast 

(The manometers contamed — ^Mam chamber extract, 
0 6 ml , 0 6M-NaP, 0 2 ml , 0 12m NaHCOj, 0 6 ml , 0 1m- 
MgCl,, 0 2 mb Side bulb 0 12m NaHCOj, 0 3 ml , and, 
where added, glucose or galactose (20 mg /ml ) 0 2 mL, 
ATP(2 6mg P,„j„/ml),0 4ml Gas phase Nj+6%CO„ 
temp 25° Incubation tune 30 mm , after which the free 
sugar was measured on a 1 ml sample ) 

Crude extract Purified extract 

, » , K , 

Galactose Galactose 

Normal adapted Normal adapted 

CO. output (/imoL) 


Control 

0 18 

0 18 

0 09 

0 09 

Control + ATP 

7 06 

7 69 

2 05 

1 61 

Glucose 

0 80 

0 98 

0 09 

0 18 

Glucose -1- ATP 

10 52 

11 68 

8 72 

8 39 

Galactose 

0 01 

0 00 

000 

0 09 

Galactose -f ATP 

0 97 

12 91 

2 18 

8 35 

Sugar disappearance (;imol ) 


Glucose 

000 

0 56 

0 00 

0 00 

Glucose - 1 - ATP 

8 78 

9 12 

12 92 

14 21 

Galactose 

0 00 

0 00 

0 00 

0 00 

Galactose + ATP 

0 22 

10 00 

000 

13 98 


There is no significant CO, output or sugar dis- 
appearance in the absence of ATP, whereas m its 
presence there is a considerable CO 2 production m 
the control, which is significantly mcreased m 
presence of glucose or galactose m the case of the 
extract prepared from galactose-adapted yeast In 
the case of the extract from yeast grown m glucose 
there is an mcreased CO, production over the control 
only when glucose is added The mcreased CO, pro- 
duction after the addition of glucose or galactose can 
bo correlated with the disappearance of sugar m 


Punficatum of the extract Attempts to remove mterfenng 
sugars by dialysifl resulted m maetivation of the enzyme 
system attaokiiig galactose Even dialysis overnight at 0 
agamst an aqueous solution contauung 1% galactose and 
0 1 % neutralized NajS resulted m a complete loss of 
activity, which could not be restored by the addition of 
cysteme or of a boiled extract from either normal or galactose- 
adapted yeast, smgly or together Hexoktnase was not 
mactivated by this dialysis 

The extract was, therefore, fi^tionated by precipitation, 
and the foUowmg procedure was ultimately adopted The 
extract was cooled to 0° and the pH brought to 4 4 by the 
addition of M acetate buffer The precipitate was separated 
on the centrifuge and discarded The supernatant flmd was 
adjusted to pH 7 6 with 01 m NaOH and sohd (NH 4 ) 2 S 04 
added to brmg the final concentration to 76 % saturation 
After centnfogmg, the precipitate was dissolved m a small 
volume of distnll ed water and used for the foUowmg experi- 
ments 


The CO 2 output m absence of sugar was largely 
e limin ated by the purification, as can be seen from 
Table 1 The mcreased COj production, after the 
addition of glucose or galactose, can agam be cor- 
related with the disappearance of sugar 

Activation of the enzyme phosphorylating galactose 
Durmg the purification process the enzyme lost some 
activity, which was largely restored by the addition 
of Mg++, a further mcrease m activity resultmg on 
the addition of cysteme (Fig 1) Thus, this system 
resembles all known phosphokmases m reqmrmg 
Mg++, and m bemg activated by thiol compounds 


The presence of phosphoglucomutase and phosphohexose- 
tsomerase in the extract The presence of these enzymes m 
the extract was tested as follows Manometers were set up 
contauung — ^Mam chamber glucose 1 -phosphate (4 0 mg 
L m!n./ikl ), 0 7 ml , 0 6 M NaE, 0 3 ml , 0 12 M-NaHC 03 , 
0 4 mL, 0 iM-MgClj, 0 1 ml , 0 26m cysteme, 0 1 ml Side 
bulb OlM-NaHCOj, 0 25 ml , extract, 0 76 ml (boiled 
extract, 0 76 ml m control) 

The manometers were filled with a 0Oj/N2 mixture con- 
6 % CO; , and the contents of the side bulbs tipped 
mto the mam cup after equihbration After shaking for 
90 mm , 2 ml of the contents were taken for analysis as 
followB 1 ml of 10 % trichloroacetic acid was added to each 
sample, and the precipitate centrifuged and washed with 
water The supernatant flmd and washmgs were combmed, 
brought to pH 7 6 with 10% NaOH, and diluted to 10 ml 
Determinations were then made of total P, acid labde P 
(correspondmg to glucose 1 phosphate P), and of the fructose 
content fixim which the P present as fructose 6 phosphate 
was calculated. Aldose 6 phosphate P was then calculated as 
(acid stable P — fructose 6 phosphate P) 


Li the control experiment with the boiled extract, 
92% of the glucose -1 -phosphate was unchanged at 
the end of the experunent , with the active extract an 
eqmhbnum mixture was obtamed consistmg of 16 % 
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glucose- 1 -phosphate, 26 % fructoae-6-phosphate and 
69% aldose-6-phosphate Thus phosphoglucomu- 
tase and phosphohexoseisomerase were present m 
the extract 



Pig 1 Activation of the galactose phosphorylating system 
in an extract prepared from galactose adapted Dutch top 
yeast The manometers contamed — Mam chamber ex- 
tract, 0 6 ml , 0 6M-NaP, 0 2 ml , 0 12m: NaHCOj, 0 6ml , 
and, where added, 0 lar-MgClj, 0 1 ml , 0 26m oysteme, 
0 1 ml Contents made up to 1 6 ml with distilled water 
Side bulb 0 1 K-NaHCOj, 0 3 ml , and, where added, 
ATP (3 0 mg P, 0 4 ml , galactose {20 mg /ml ), 
0 2 ml Conteilts made up to 0 9 ml with distilled nater 

Gas phase 96% Nj + 6% COj, temp 26° , mixtures 

contammg galactose, , mixtures without galactose, 

ATP, Mg+-^ and oysteme, O, ATP and Mg++, + ATP 
only. A, Mg++ and oysteme 


The dvBtnbuhon of phosphoric esters ^n the products 
of the reaction between adenosinetnphosphate and 
glucose or galactose 

Manometers were set up as described m Fig 2, and 
the following quantities were measured durmg the 
course of the reaction (1) incresise m acidity, by the 
COj evolution m bicarbonate buffer, (2) sugar dis 
appearance, (3) change m orthophosphate, and 
(4) change m acid-labde phosphate 
It can be seen from Fig 2 that the mcrease m 
acidity roughly paralleled the disappearance of 
either glucose or galactose With glucose (Fig 2 A) 
there was a decrease of 0 476 mg m the amount of 
acid-labile P, correspondmg to an esterification of 
2 81 mg glucose, while actually 3 2 mg glucose 
disappeared Thus 87 6 % of the glucose phosphory 
lated can be accounted for as aoid-stable phosphonc 
esters, presumably an equilibrium mixture of aldose 
6-phosphate and fructose-6 phosphate In the case 
of galactose, however, there was no significant 
decrease m the amount of acid-labile P during a 
period m wluch 2 1 mg of galactose disappeared 
Tins suggests that an acid labile ester such as 
galactose -1 -phosphate was formed 

The disappearance of acid-labde P m the presence 
of glucose, less that of the control, corresponds to 
more than one of the acid-labde phosphate groups of 
ATP This is supported by the figures for the dis 
appearance of glucose Smce yeast hexokmase is 
said to be specific to ATP, and to have no reaction 
with ADP (Colowick & Kalckar, 1943), this result 




Fig, 2 Increase m acidity (GOo output), sugar disappearance and phosphate distribution durmg the breakdown of glucose 
or galactose by an extract prepared from Dutch top yeast grown on galactose The manometers contamed — Mam 
chamber extract, 0 6 mb, 0 6 M-NaF, 0 3 ml , 0 12 m NaHCOj, 0 7 ml , 0 iM Mgdj, 0 1 ml , 0 25 m oysteme, 
0 1 mb , glucose (20 mg /ml ), 0 3 ml m A, galactose (20 mg /ml ), 0 3 ml m B Contents made up to 2 1 ml 
with distilled water Side bulb 0 12 m NaHCOj, 0 26ml , ATP (2 6 mg P, nju./ml ), 0 6 mb Gas phase 95 % N, +6 % 

COj, temp 26° , control, , glucose or galactose, O — O, phosphate hydrolyzable m 7 mm by 

■n-HCI at 100°, • — free sugar disappearance, (-, mcrease m acidity, A — A, orthophosphate 
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suggests the presence m the extrapt of a myokmase- 
hke enzyme catalyzmg the reaction 

2 ADP-^ATP + adenyhc acid 

To confirm the production of an acid-labile 
phosphoric ester from galactose, an experiment was 
performed m which the distribution of P among the 
various phosphoric esters was determmed by separa- 
tion mto soluble and insoluble barium salts, and 
estimation of morgamc P, acid -labile P, and total P 
m each fraction 

The results are sliown m Table 2 Exp A When 
glucose IS the substrate, the ATP-P which dis- 
appears (decrease m acid-labile P of insoluble 
barium salts), is largely accounted for m the soluble 
barium salts as an acid-stable ester (probably a 


grown on glucose will not phosphorylate galactose 
Berger, Slem, Colowick & Con (1945—6) have shown 
that purified yeast hexokmase will not attack 
galactose 

Isolation of a. galactose-l-phosphate 

The reaction mixture contained 40 mL ATP solution 
(approx 6 mg P7 rnin /nil ), 1 K galactose, 2 ml M-oysteme, 
6 ml 0 lM-MgCaj,20inl 0 6M-NaF, 40 ml 0 12M-NaH:C05, 
40 ml extract, and water to a total volume of 160 mL Portions 
(60 mL) were placed m each of three Krebs (1933) vessels 
which were filled with aN2/C02 mix ture contammg 6 % COj 
and shaken m a bath at 26° The reaction was allowed to 
proceed until no more galactose disappeared Tnohloro 
acetic acid (20 ml of 40 %) was then added to the combmed 
contents of the vessels, and the precipitate centnfuged and 


Tabic 2 Distribution of phosphoric esters formed by the action of an extract prepared from galactose-adapted 
Dutch top yeast on a mixture of galactose or glucose and adenosinetriphosphate 


(Exp A, normal extract, mitial acid labile P =3 62 mg Exp B, extract prepared at 0° , mitial acid labile P = 3 21 mg 
The manometers contamed — Mam chamber 0 6M-NaF,0 3ml ,0 lM-MgClj,0 3ml ,0 26m cysteme,0 3ml ,0 12M-NaHC03, 
1 4 ml , ATP (3-4 mg P, 1 0 ml , and where added, glucose or galactose (20 mg /ml ), 0 8 mL Contents made up to 

4 1 ml with distilled water Side bulb extract, 0 6 mL, 0 6M-NaF, 0 1 ml , 0 12m NaHCOg, 0 3 mL Gas phase 96 % 
N, -t 6 % COj , temp 26° COj output followed until complete (160 mm m A, 280 mm. m B) Contents of manometers then 
separated mto soluble and insoluble barium salts and analyzed.) 


Soluble Ba salts Insoluble Ba salts Total P 



,1 > 

Increase Increase Decrease 

Inorganic Acid Acid m acid in acid Inorgamo Acid- Acid m acid 

P labile P stable P labile P* stable P* P labile P stable P labile P* 

t 

Initial 

Recovered 


(mg) 

(mg) 

(mg) 

(mg) 

(mg) 

(mg) 

(mg) 

(mg) 

(mg) 

(mg) 

(mg) 

Control 

000 

024 

048 


Exp A 

0 74 

2 86 

192 


6 81 

624 

Glucose 

004 

042 

1 78 

0 18 

130 

0 74 

1 38 

1 68 

1 48 

6 81 

6 04 

Galactose 

0 02 

1 28 

0 64 

1 04 

016 

0 76 

1 80 

196 

1 06 

6 81 

6 26 

Control 

000 

0 12 

0 19 


Exp B 

0 31 

2 50 

1 56 


4 82 

4 37 

Glucose 

000 

0 18 

2 29 

0 06 

2 10 

0 28 

0 67 

1 26 

1 83 

4 82 

4 34 

Galactose 

0 00 

1 13 

1 00 

1 01 

0 81 

0 36 

0 96 

1 16 

1 64 

4 82 

4 25 


* Compared with controL 


mixture of aldose-6 phosphate and finictose-6- 
phosphate), and only a small amount of an acid- 
labile ester is found m this fraction (probably 
glucose-l-phosphate) When galactose is the sub- 
strate, the situation is reversed, and the major part 
of the ATP-P disappearmg is recovered m the soluble 
fraction as an acid labile ester The proportions of 
acid-labile to acid-stable P m the soluble banum 
salts are 0 14 0 86 and 0 87 0 13 for glucose sind 
galactose respectively 

The experiment described m Table 2, Exp A, was 
repeated usmg an extract prepared from non- 
adapted Dutch top yeast In this case, 96 % of the 
galactose remamed unchanged after 160 min and 
the COj evolution was 166 pi compared with 161 pi 
m the control In the same tune, 74 % of the glucose 
disappeared and the correspondmg CO. evolution 
^vas 871 pi Thus it appears that Dutch top yeast 


washed with 6 % tnchloroacetio acid The supernatant and 
washings were brought to pH 8 6 with 10% NaOH, and 
banum acetate (60 ml of 26 %) added The precipitate was 
centnfuged and the supernatant poured off and kept The 
precipitate was then dissolved m 26 ml 0 1 n Hd, the pH 
brought to 8 6 with 10 % NaOH and the precipitate centn- 
fnged and discarded The double extraction was necessary 
smee the first precipitate contains some ‘banum soluble’ 
matenal m the form of double salts {Con & Con, 1932) Two 
vol ethanol were added to the combmed supernatants, and 
the mixture left at 0° for 2 hr The precipitate was then 
centnfuged, washed m turn with 76 % ethanol, 96 % ethanol 
and ether and dned tn vacuo over CaClj From 0 67 g 
galactose metabolized, 3 18 g of crude soluble Ba salt were 
obtamed, contammg 124 1 mg P of which 73 4 mg was acid- 
labile 

The crude Ba salts contamed an unpunty of carbohydrate 
nature, which was removed by takmg advantage of the 
Bolubfiity of the K salts of hexosemonophosphates at pH 6 0 
in 60 % ethanol, under these conditions, polysacchandes are 
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precipitated The salt was taken np in 200 ml water, the 
insoluble material bemg discarded, the Ba++ removed from 
the supernatant by addition of a shght excess of saturated 
KjSOi, and the pH adjusted to 6 0 with 10% KOH, 3 vol 
ethanol were then added The mixture was left at 0° over- 
mght, and the precipitate discarded. The supernatant was 
concentrated xn vacuo to 40 ml , and the precipitate which 
formed agam discarded The supernatant was brought to 
pH 8 4 with 10 % NaOH, and 6 ml 25 % banum acetate and 
2 vol ethanol were added After leavmg at 0° overnight, the 
precipitate was washed and dried m the usual manner, 
wt 1 281 g , P, 6 1 %, of which 88 6 % was acid labile The 
recovery of acid labile P from the crude Ba salt was 70 2 % 
A sample of the material, after treatment with Ba(OH)2 
and ZnSO^, was free from Cu reducmg substance Another 
sample was hydrolyzed for 7 min m n HCl, and the sugars 
so produced were subjected to a differential fermentation 
Ba salt (60 mg , containing 2 27 mg acid labile P) yielded 
12 9 mg of reducing sugar (eqmvalent to 2 26 mg P), of 
which only 8 % was fermented by glucose grown yeast and 
a farther 92% by galactose grown yeast It is assumed, 
therefore, that 8 % of the acid labile P was present as a 
glucose ester, and 92 % as a galactose ester The salt contamed 
neghgible amounts of pentose and fructose, the acid stable P 
probably bemg present largely as aldose 6 phosphate 

Any reducmg phosphates were removed by alkahno 
hydrolysis as follows The salt (1 136 g ) was dissolved m 
100 ml water and Ba++ removed with 6 ml N-HnSO^ The 
precipitate was centrifuged and washed with 6 ml water 
To the supernatant and WMhmgs were added 27 ml N-NaOH 
and hydrolysis was allowed to proceed at 100® for 30 mm 
After coohng, the solution was brought to pH 8 4 with 
2 n HCl, 26 ml 26 % banum acetate added, and the precipi- 
tate ooUeoted m the usual manner Further purification was 
effected by repeated solution m water and precipitation with 
ethanol The final product was identified as banum a 
galactose 1 phosphate as follows 

Idenixficatxon of the product as barium a galactose 1 
phosphate The salt was dned over P2O5 xn vacuo to a constant 
weight of 474 mg , P, 7 49%, acid labile P, 7 47% (Calc 
for CjHnOoPBa P, 7 86 % ) The recovery of acid labile P 
from the crude banum salt was 48 1 % The product con 
tamed less than 0 1 % N, no detectable reducmg power as 
measured by the method of Somogyi (1946), and neghgible 
amounts of pentose and ketose Further evidence on its 
identity was obtamed as follows 

(1) Sugar liberated on hydrolysis HydrolysiB m u-HCl at 
100° for 7 mm resulted m the simultaneous hberation of 
reducmg sugar and morgamc P m equimoleoular amounts 
On hydrolysis and differential fermentation of the sugars 
hberated, 26 mg Ba salt yielded 0 0 mg ‘glucose’ (2 4%), 
10 2 mg ‘galactose’ (40 8%), and 1 76 mg morgamc P, 
givmg a molecular ratio galactose acid labile P of 0 99 1 00 
(Banum galactose 1-phosphate requires galactose, 46 6 % ) 

(2) Specific rotation The Ba salt had = +110° This 
agrees well with the value found by Kosterhtz (1943 a) of 
109 6° for the Ba salt of synthetic a galactose 1 phosphate, 
and with that of 113° for the Ba salt of the natural ester 
calculated by the same author from the rotation of an 
impure preparation Reithel (1946) found the speoifio 
rotation of the banum salt of J3 galactose 1 phosphate to be 
[a] 5? = +34° 

(3) Hydrolysis constant Hydrolysis was earned out m 
0 25K-HC1 at 25° usmg the K salt of the ester, the galactose 
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hberated bemg measured by the Somogyi (1946) method and 
the morgamc P by the Fiske & Subbarow (1925) method 
The hydrolysis constant mO 26N-HClat26°wasO 86 x 10-’ 
(Table 3) The correspondmg value for the K salt of synthetio 
a galactose 1 phosphate was found byKosterhtz (1939) to be 
0 89 X 10“®, and the same author (Kosterhtz, 1943o) calou 
lated the hydrolysis constant for the K salt of the natural 
ester from the hydrolysis rate of an impure preparation to be 
0 91 X 10-3 


Table 3 Acid hydrolysis of the acid labile 
galactose ester 


(Hydrolysis at 25° m 0 25 n HCl Imtial concentration of 
acid-labde P=2 93 mM Imtial concentration of galac 
tose=2 88 mM The hydrolysis constant k was calculated 


from the formula k = 


1 


logio 


«-gl \ 

a-xj 



Galactose 


Inorgamo P 


liberated 


hberated 

Time 

(% of total 


(% of total 

(min ) 

galactose) 

lx 10* 

acid labile P) I x lO* 

100 

18 2 

0 87 

18 3 0 88 

200 

32 7 

0 86 

32 9 0 86 


On the basis of this evidence it is concluded that 
the easily hydrol3izable ester formed from galactose 
and ATP is a-galactose-l-phosphate 

Possible formation of galactose-B phosphate 
as an intermediate 

To test the possibihty that the primary phosphory- 
lated product m galactose fermentation is galactose- 
6-phosphate, which is immediately transformed to 
galaotose-l-phosphate, the effect of addmg synthetic 
galactose 6-phosphate to the enzyme sj'stem phos- 
phorylatmg galactose was studied The results are 
shovra m Table 4 In the presence of galactose 6- 
phosphate, the distribution of phosphoric esters did 
not differ significantly from that of the control, and 
there was no dimin ution m the amount of acid stable 
P durmg the course of the reaction These facts, 
together with the absence of mcreased acid formation 
(CO2 evolution) over the control, mdicate that 
galactose 6-phosphate is not attacked m a system 
which IS able to form an easdy hydrolyzable phos- 
phoric ester from galactose Galactose 6 phosphate 
IS, therefore, not an mtermediate m the formation of 
galactose -1 -phosphate m this system 

The action of the enzyme system on D tagatose, 
the ketose correspondmg to n -galactose, was also 
mvestigated Tagatose was not fermented by mtact 
cells of galactose adapted yeast, but this does not 
necessardy exclude it from playmg a part m galactose 
fermentation analogous to that of fructose m glucose 
fermentation It can be seen, however, from Table 4, 
that tagatose was not phosphorylated by an extract 
of galactose-adapted cells The figures for the P 
distribution m the presence of tagatose were almost 
identical with those m the control 
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Table 4 DMiUwn of pJwsphorro esters formed hy the aelum of an extract prepared from 

DLhZVe^Z ImvetZe of galaetose, galactose-6^?u>sphate or taga^se, and adenosrnetrrphosphate 

(The ^aanometers contaaned-Mam chamber 0 6h M 0 3 ml 0 iM Mg^, 0 « 25h c^e 0 3 ^ 

NaHCO^, 1 4 ml , ATP (4 0 mg P,^/ml ). 1 0 ml , and. where nIhCO, ^2 ml Gas phase 

£7^5 %CS! 'ct outuwaa « nntd complete (210 mm ), Ind the phospha^ esters formed were 

then separated mto soluble and insoluble banum salts and analyzed ) 

Insoluble Ba salts 
— — \ 


Imtial P 

A 


Soluble Ba salts 


Control Galactose 
galactose or 6- 


Qalactose- 
6 


Galactose 
6 


wSse^Vospiiate Control Galactose phosphate Tagatose Control Galactose phosphate 


Ortho P 

\ o » 

0 00 

000 

000 

000 

000 

0 00 

0 23 

024 

0 23 

0 21 

A.cid labile P 

3 92 

3 92 

014 

1 62 

016 

014 

3 19 

1 60 

323 

3 07 

Change in acid- 

— 

— 

— 

+ 138 

+0 02 

000 

— ■ 

-169 

+ 0 04 

-0 12 

labile P* 

Acid stable P 

2 16 

3 66 

0 25 

0 29 

170 

026 

1 45 

137 

1 66 

1 60 

Change m acid- 



+ 160 

— 

+ 004 

+ 146 

0 00 

— 

-0 08 

+010 

+ 0 06 

stable P* 

CO. m 210 mm 

(pi) 

— 

— 

210 

726 214 221 

* Compared with control 






The xrroduction of acid stable phosphoric esters 
from gcdactoae 

It was found that if precautions were taken to keep 
the temperature down to 0° durmg the breakdown of 
the yeast ceUs and the purification of the enzyme, 
there was occasionally obtamed &om galactose an 
acid-stable ester which appears m the soluble banum 
salts Typical results for the distnbution of P with 
such an extract are given m Table 2, Exp B While 
the phosphorylation of glucose results m the forma 
tion of an acid stable ester (2 10 mg P), that of 
galactose gave a mixture of an acid -labile ester 
(1 01 mg P) and an acid-stable ester (0 81 mg P) 
It seems that if these precautions about coohng 
are taken, a second adaptive enzyme, winch is 
destroyed durmg the more drastic procedure, is 
present and forms an acid-stable ester fi'om 
galactose- l-pliQsphate 

Usmg an extract prepared with particular attention to 
adequate coohng, an attempt was made to isolate the aoid- 
Btablo ester formed from galactose The preparation was set 
up in the same way ns for the isolation of a galactose 1- 
phosphate described above, but usmg half the quantities 
After 4 hr , 210 mg of galactose had disappeared 

The soluble Ba salts were isolated as desenbed previously 
wt 907 mg , P, 5 9%, of which 24 9% was acid labile and 
75 1 % acid stable Differential fermentation of the sugar 
produced bv hydrolysis m x-HCl at 100° for 7 mm showed it 
to consistof 86% ‘galactose’ and 14% ‘glucose’, and, there- 
fore, the acid labile ester was probably chiefly galactose-1- 
phosphate The Ba salt (600 mg =22 2 mg acid stable P) 
was converted mto the Na salt (120mg ), and 15 ml 5 k RGl 
added The acidified solution was boded for 7 mm to hydro- 
h-zc the acid Inbde phosphoric esters present, cooled to room 
Biochem 1949, 44 


temp , the pH brought back to 8 4 with 10% NaOH, and 
3ml 26% banum acetate added Thepreoipitatewascentn- 
fuged, washed with 10 ml water, and2vol 96% ethanol were 
added to the comhmed snpematants The precipitate was 
oentnfuged, washed with ethanol and ether, and dried over 
CaClj vacuo The salt was redissolved in 26 ml water, the 
msolnble material being spnn off, repreoipitated with 2 vol 
ethanol, washed with ethanol and ether, and dried over 
CaClj m vacuo, wt. 212 mg , P, 6 18%, acid labile P, ml 
(Becovery of acid stable P =69 % ) 

The pentose and ketose in the precipitate were negligible, 
and the total N was less than 0 1 % The rednemg value of 
the salt, esfamated by a Somogyi copper reagent standardized 
against glucose 6 phosphate, was eqmvalent to a content of 
69 6 % banum glucose 6 phosphate (corresponding to 78 2 % 
of the total acid stable P) No msolnble methylphenyl- 
hydrazone could be obtamed fium the banum-free esters, 
showing that galactose 6 phosphate was not a constituent 
(Grant, 1936) 

The ester was hydrolyzed by a non specific phosphatase 
prepared fium a dialyzed extract of homogenized rat 
mtestme A solution oftheNa salt (10 ml contaimngS 24mg 
P) was meubated for 2 hr at 37° with 6 ml extract, 26 ml 
acetate buffer (pH 6 6), and 1 ml 0 ln-MgCl^, the inorganio 
P hberated corresponded to 89 6% of the total P and the 
P sngar ratio was 1 00 0 705 Por comparison, a sunilar 
mixture was set up usmg sodium glucose 6 phosphate 
(prepared finm SO mg anhydrous banum glucose 6 phos 
phate) m place of the unknown Na salt, the morgamo 
phosphate hberated was 84% of the total, and the P sngar 
ratio was 0 91 1 00 

These figures, togetlier with those given m the 
prevnous paragraph, suggest that the unlmown salt 
was a mixture of aeid-stable esters, one of which is 
non-reduemg and produces anon-reduemg substance 
on hydrolysis, and the other is reducing and contams 
a reduemg sugar It has not yet been possible to 

30 
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investigate these esters more completely, but it 
seems reasonable to suppose that the reducmg ester 
13 an aldose-6-phosphate, probably glucoge-6 phos- 
phate The non-reducmg ester may be trehalose 
monophosphate (Robison & IMorgan, 1930, Grant, 
1936) 

The formation of galactose l-phosphate during 
adaptation to galactose fermentation 

Remer (1947) mvestigated the change m acid- 
labde P durmg the period immediately precedmg the 
onset of adaptation to galactose fermentation by 
Saccharomyces ceremsiae, and concluded that fer- 
mentation was preceded by the accumulation of 
ATP He did not separate the phosphoric esters 
mto soluble and insoluble barium salts, however, 
and m view of the findmgs presented m this paper, 
his results might equally well have been explamed 
by the accumulation of galactose- 1 phosphate m the 
prefermentative period, thus stunulatmg the forma- 
tion of a second adaptive enzyme attaclong galactose- 
1 -phosphate with the production of an acid stable 
phosphoric ester This pomt was mvestigated by the 
author usmg a separation mto soluble and insoluble 
barium salts to differentiate between ATP and 
galactose- 1 phosphate 


Onset of 
fermentation 



Pig 3 Distnbntion of phosphonc esters during the adapta- 
tion of Dutch top yeast to the fermentation of galactose 
O — O , phosphorus hydrolyzable m 7 mm m the insoluble 
barium salt firaction, • — 9, orthophosphate, -I — --1-, 
phosphorus hydrolyzable m 100 mm — alkah labile 
phosphorus m the soluble banum salt fraction, A — At 
respiratory quotient 

The separation was carried out accordmg to the 
method of Umbreit et al (1945), and morgamc 
phosphate was estimated by the method of Beren- 
blum & Cham (1938) The remamder of the experi- 
ment was earned out as described by Remer (1947), 
but usmg Dutch top yeast and meubatmg at 25° 
The results are shown m Fig 3 It can be seen that, 
in the period immediately precedmg adaptation 
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(fermentation), there was no accumulation of P 
m the fraction (Pioo - umJ which would have 
contamed galactose- 1 -phosphate 

DISCUSSION 

From the work described m this paper, it seems 
reasonably certam that the first step m galactose 
fermentation by Dutch top yeast is the transference 
of the termmal phosphate group firom ATP to 
galactose to give galactose - 1 -phosphate The enzyme 
catalyzmg this reaction is activated by Mg++ and by 
cysteme, and clearly belongs to the class of phospho 
kmases It is proposed to caU it galactokmase 

By analogy with hexokmase it might be expected 
that galactose-6-phosphate would be the primary 
product, but this seems very unlikely for the 
foUowmg reasons (1) no yeast extract yet mvesti 
gated can ferment galactose-6 phosphate (Hvisten 
dahl, 1932, Grant, 1936), (2) the enzyme system 
which forms galactose-l-phosphate fi’om galactose is 
unable to attack galactose 6 phosphate (Table 4), 
(3) there is no mitial formation of an acid stable 
ester durmg tlie phosphorylation of galactose by the 
extract (Fig 2) , (4) the extract is unahle to phos 
phorylate tagatose, whereas yeast hexokmase will 
phosphorylate fructose and mannose m addition to 
glucose 

It has been shown by Spiegelman, Remer & 
Morgan (1947) that the acqmsition of the abdity 
to ferment galactose by Saccharomyces ceremsiae 
mvolves the formation of one or more apoenzymes 
The work described m this present paper shows that 
one of these enzymes is galactokmase 

Smee galactose is fermented with the formation of 
fructose-l 6 diphosphate (Grant, 1935), the question 
arises as to how the galactose -1 phosphate is trans 
formed mto hexosediphosphate The answer to this 
question is stdl obscure, but some mdication is given 
by the work of Kosterhtz (19436), and by the experi- 
ments described m this paper m winch a proportion 
of the phosphate esterified was present as an aoid- 
stable phosphoric ester with a soluble barium salt 
If, as seems probable, this proves to be glucose 6 
phosphate, then it seems reasonable to suppose that 
the transformation of galactose-l-phosphate to 
fructose 1 6 phosphate takes place via glucose 6 
phosphate or an ester m eqmhbrium with glucose-6 
phosphate m the system described 

SUMMARY 

1 Dutch top yeast has been shown to produce 
adaptively an enzyme, named galactokmase, which 
catalyzes the phosphorylation of galactose by adeno 
smetnphosphate fo rmin g an ester which has been 
identified as a galactose-l-phosphate The enzyme 
requires Mg++ and cysteme for full activity 
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2 Galactose-6 phosphate is not an intermediate 
m this reaction 

3 The formation of an acid-stable ester from 
galactose has been observed occasionally with 
extracts of galactose adapted yeast 

4 There is no evidence for the accumulation of 
galactose 1 -phosphate durmg the pre adaptive 
period 
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Studies on the Lens 

By si LANGHAM and H DAVSON, Department of Physiology, University CoUege, London 

(Received 1 October 1948) 


1 POST-SIORTESI CHANGES IN THE 
^MINERAL CONTENT 

O ur knowledge of the composition and metabolism of 
the lens has been gamed almost exclusively from 
work on the excised organ, and it is therefore of first 
importance that post-mortem changes should be 
fully imderstood It rmght be thought that the use of 
normal aqueous humour as a bathmg medium for the 
excised lous n ould make such a study supereroga 
tory, but the residts desenbed below show that, even 
when the lens is left undisturbed m the dead eye, 
important changes m its mmeral content (character- 
istic of those takmg place in a dying tissue) occur 
witlun a fen hours 

EXPEREMENTAL 

To mmimize vanance due to age, adult rabbits were used m 
nil the cvponments desenbed with this species Except 
where otherwise stated, the sheep eyes were received finm 
the slaughterhouse within approximately 2 hr of death 


After removmg the aqueous humour and cuttmg away the 
postenor half of the eye the lens was removed by placmg the 
antenor half of the eye on a flat dish, cornea downwards, 
reflectmg back the ourved scleral wall and enttmg the 
suspensory hgament Before bemg weighed, the lens was 
blotted on filter paper For analysis, the protems were 
precipitated by the Somogyi (1930) method and the filtrate 
made up to a defimte volume Chlonde was estimated by the 
AglOj method of Sendroy (1937) When radioactive isotopes 
were used, activity was measured m the filtrate on a standard 
Geiger counter apparatus with the counter desenbed by 
Maunce (1948) Radioactive sodium ("‘Na) m the form of 
NaCl, and bromme (®-Br)m the form of NHjBr were mjected 
mtravenously m isotomo solutions, without anaesthesia 
After the experimental penod the animal was kflled by a bio w 
on the neck, and the eyes, together with blood samples, were 
taken immediately 

Forthe i» utro study of the ‘diffusion out’ of chlonde from 
the lens, the latter was placed m isotomc NajSO^ solution, 
while for the ‘diffusion m’ of sucrose, acpieous humour was 
diluted with 0 3 vol of an isotomc sucrose solution Sucrose 
was detemuned by hydrolyzmg the Somogyi filtrate of the 
macerated lens with dilute HoSO^, and estimatmg the 
reducing value by the Hagedom Jensen method 
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BESULTS 

As a critenon for the normal condition of the lens the 
chloride content was first chosen Prehmmary experi- 
ments revealed that the chloride contents of the 
lenses of a pair of eyes removed immediately after 
death did not differ si gnifi cantly, thus, the mean of 
the chloride contents of ten left sheep eyes was 
43 8 ± 0 2 whilst that for the right eyes was 43 7 ± 0 2 
In the first study, therefore, the two eyes were 
excised firom the freshly lolled animal, the lens of 
one was submitted to analysis immediately, whilst 
that of the other was analyzed after it had remamed 
m the excised eye for a period of some hours In 
Table 1 the chloride contents of the pairs of eyes are 


Table 1 Post mortem changes ^n the chloride content 
of lenses allowed to rema%n %n the excised eye 



Time test 


Chlonde content 


lens left 


(mg /lOO g ) 


m eye 

Temp 

( 

K 

\ 

Species 

(hr) 

(°) 

Control lens 

Test lens 

Rabbit 

2 

0 

319 

31 0 


2 

0 

32 1 

33 7 


4 

0 

30 7 

37 3 


4 

0 

29 9 

36 1 


5 

0 

33 3 

37 1 


46 

0 

310 

33 9 


66 

0 

26 6 

31 0 


70 

0 

36 4 

39 3 


6 26 

20 

33 6 

46 3 



Mean 

84-0±0 79 

39 5±1 14 

Sheep 

60 

20 

39 4 

459 

60 

20 

33 1 

43 9 


30 

20 

36 6 

37 6 


30 

20 

38 2 

430 



Mean 

36 6±0 64 

42 6±1 0 


shown The results mdicate that the lens left m 
the eye takes up chloride, thus, for rabbits, the 
mean chloride content of the control eyes was 
34 0 mg /lOO g whilst that of the eyes left for more 
than 2 hf was 39 5 mg /lOO g , it will be noted that 
the lenses left for only 2 hr at 0° showed no mcrease 
m chloride content Tliere is thus a post-mortem 
mcrease m the chloride content of the lens even when 
it IS allowed to remam m the eye It is generally 
assumed that the chloride content of a normal tissue 
IS a measure of the extracellular space, the cells bemg 
virtually fi?ee from this ion, the mcrease m chloride 
pontent observed may, therefore, be mterpreted as 
the result either of arl^crease m extracellular space 
or of degenerative-'tSh^ges m the lens fibres whicli 
permit them to accumm&te chloride Changes m the 
chloride content should be paralleled by changes m 
the sodium content on the basis of either of these 
explanations Consequently, the uptake of radio- 
active sodium by the lens in vivo should be less than 
the uptake of another, excised, lens from an artifioial 
medium Similarly, by use of the radioactive 
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bromide ion, differmg uptakes should be obtained 
under the two conditions In Table 2 the results of 
diffusion experiments are shown , they mdicate that 
when diffusion takes place from an artificial medium 

Table 2 Ratio of the concentrations of isotopes in lens 
and in aqueous humour m vitro and m vivo studies 

(For in vitro studies the lens was suspended m aqueous 
humour eontammg the isotope For in vivo studies the 
isotope was mjected intravenously mto the animal without 
anaesthesia The results are calculated from counts/100 g 
of material and are expressed as mean ±s e The number of 


experiments is given m brackets ) 



Diffusion 

Mean ratio isotope m 


tune 

lens/isotope m aqueous 

Type of exp 

(hr) 

humour 

In vitro, -^Na 

24 

0 29±0 01 (6) 


48 

0 36±0 07 (6) 

In vitro, ®-Br 

24 

0 29 ±0 03 (6) 


40 

0 29±0 03 (6) 

In VIVO, 

2 

0 03 ±0 02 (6) 


24 

0 06 ±0 01 (4) 


41^ 

0 05±0 02 (6) 

In VIVO, ®-Br 

24-48 

0 07±0 02 (4) 

overapenodof24-481u at0° 

the ratio Nam lens/Na 


m aqueous humour is 0 29-0 36, whereas in vivo 
experiments gave very much smaller ratios m the 
region of 0 07 when the diffusion time was either 24 
or 48 hr Similarly, results with the radioactive 
brormde ion gave large in vitro ratios m the region 
of 0 29 and in mvo values of approximately 0 066 

DISCUSSION 

The primary importance of the experimental findmgs 
described here must be m emphasizmg the hmitation 
of in vitro experiments on the lens under the given 
conditions In some of the experiments described the 
lens was merely left m the excised eye, 1 e it was 
surrounded by mtraocular fimd durmg the whole 
tune, and jret qmte unmistakable changes m its 
chloride content took place m a few hours In the 
hvmg eye there is strong reason to beheve that the 
aqueous humour flows contmuously, bemg dramed 
away at the angle of the anterior chamber to be 
replaced by new fimd presumably from the cdiary 
body, the cessation of tins renewal is apparently 
sufficient, even with a tissue of such low metabohc 
activity as the lens, to cause changes m the salt 
content of the lens that are generally mterpreted as 
degenerative, 1 e a breakdown of the normal perme 
abihty of the fibre cells to sodium It is mterestmg 
that m a recent pubhcation Palm (1948), workmg on 
the penetration of radioactive phosphorus mto the 
lens, came to the conclusion that experiments not 
completed 'withm 2 hr of the death of the animal 
were altogether unreproducible 
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Although much oKponmontal -work has boon done 
on the lens and isolated capsule there seem to bo 
few detailed investigations of the speed of post- 
mortem changes On the other hand, tho htoraturo 
is well stocked with references to the changes m 
composition that occur %vitli dovolopmont of 
cataract, changes mdicatmg breakdown of tko 
normal ion permeability of the lens fibres to tbo 
sodium chloride m there environment It is not yet 
possible to correlate this mcreaso in permeability 
with specific metabolic changes, but consideration 
of the followmg is of interest Experimental v ork 
of the authors (unpubhshed) supports tho results m 
the literature (Bellows, 1944) indicating that there is 
no significant decrease of carbohydrate in tho lens or 
aqueous humour durmg the first few hours following 
death The deduction that the presence of glucoso 
does not delay the degenerative changes is supported 
by the mability of a Krebs-Rmger phosphate medium 
containmg glucose, or an aqueous medium to which 
isotomc gluoose solution has been added, to retard 
the speed of these changes (unpublished obsor 
vations) 

Much experimental eiudence has led to general 
agreement that the energy required by tho normal 
lens IS obtamed primarily fi-om carbohydrate meta- 
bolism (Bellows, 1944, Fiscber, 1930), and further 
that, unlike other active tissues, the lens has no 
carbohydrate reserve m the form of glj’’Cogon 
(Weekers & Sullman, 1938) 

K we accept these conclusions it is apparent that, 
followmg death, a factor is mtroducod wluch loads 
to mterferenoe m the utilization of sugar Tho im- 
portance of an eictive endergomc metabolism m tho 
normal tissue is further supported by the slomng of 
the rate of post-mortem changes followmg a decrease 
m the temperature of the lens 

2 ESTIMATION OP EXTRACELLULAR 
SPACE OP LENS 

The extracellular volume of muscle has been calcu- 
lated from its sodium and chloride contents on the 
well-supported assumption that these ions exist 
mainly or totally outside the coll, additional 
methods have mvolved the study of the uptake of 
a large water soluble molecule like that of sucrose 
which IS presumed not to penetrate the cell mem- 
brane 

The chloride contents of the rabbit and sheep lens 
were found by analysis to be 34 7±0 6mg/100g (10) 
and 43 7 + 0 6 mg /lOO g (20) (numbers m brackets 
refer to numbers of experiments) Tho aqueous 
humour 'Concentrations of the same eyes, expressed 
as mg /lOO ml , were 397 for the rabbit (6) and 460 
for the sheep (14) Consequently the olilonde space, 
1 e the fijaotion of the weight occupied by mterstitial 
fluid, assummg that aU the chloride is present m the 


latter, is 9 6 % for tho slioop and 8 7 % for tho rabbit 
In view of tho unique groivth characteristics of tho 
lens, hoMOVor, it is doubtful vliothor this fraction 
does indeed roprosont tho truo oxtracolhilar space , 
thus, tho Ions continuos coll proliferation throughout 
hfo, tho nowlj formed surface colls displacing tho 
older ones inn ards ton ards tho contro, a process that 
results in tho formation of a hard nuclous of old, 
donsoly packed fibres and a softer cortex of more 
recently formed olomonts Asarosultoftbisdovolop- 
mont it 18 quite possible that tho fibres of tho donsolj 
packed nucleus, roprosonting ^ or 3 ' old colls, contain 
approciablo amounts of sodium and chlorido If this 
13 true tho ostiinato of tho oxtracollular space from 
tho chloride content must give too high a value 
j\Ioroo\ or, tho colls containing sodium and chlorido 
n'lU bo predominantly m the donso highly viscous 
nuclous, and mil bo thoroforo imablo to attain 
diffusion oquilibnum n ith thoir environment mtlun 
an oxponmontalljrmoasurablo period In tho present 
w ork tbo fraction of tho Ions that coinos into apparent 
diffusion equilibrium, in respect to chlorido, **Na, 
®-Br and sucrose mth its onvironmont wnthin 
24-48 hr , has boon dotorminod Wo maj' call this tho 
‘rondilj' available space’ In so far ns tho chloride 
ion vas concornod, tho space nos ostimatod on tho 
basis of tho amount that diffused out of tho Ions mto 
an isotonic sulphate solution witlim 24—48 lir For 
-*Na tho results already dosenbod on tho diffusion 
mto tho Ions tn vivo v ero used for tho computation 
Sucrose \\ as allowed to diffuso into tho oxcisod Ions 
from an aqueous humour modium, m viow of tbo 
post mortem changes olroadj’' described wo moj’’ 
expect tins substonco to provide altogether too lugli 
a value for tho ‘readily available space’ This was 
indeed found to bo tho case , washing tho lens, after 
the diffusion m sucrose, for 0 6 lir m a sulphate 
medium reduced tho ‘sucrose space’ to a value 
comparable mtli the ‘readily available clilonde 
space ’ 

RESULTS 

Tlie results of this mvestigation are summarized m 
Table 3 It will be seen that tho ‘readily available 
clilonde space’, deter mmed by the fraction of 
clilonde that diffuses out of the lens m 24r-48 lir , is 
6 6 % as opposed to the value of 8 5-9 0 % for the 
total chloride space On tho basis of in vivo diffusion 
of radioactivo isotopes mto the lens the ‘readily 
available space ’is 6 1-6 7% Sucrose diffuses mto an 
available space of 13 6%, mdicatpig the occurrence 
of post mortem changes If the lenses, after tho 
diffusion of sucrose mto them, are placed m a sucrose- 
free medium, there is an mitial rapid diffusion of 
sucrose out , tlus rapid loss is succeeded by a much 
slower loss durmgthe next 241ir If the sucrose spoco 
IS computed on the basis of the sucrose content after 
this rapid loss it averages 6 6 % 



470 


M LANGHAM AHSTD H DAVSON 


Table 3 Values of the extracdlvlar 


volume of lens 

Total space 

Readdy 

available 

Method 

(%) 

space (%) 

Chlonde analysis and diffusion 

9 6 (sheep) 

5 6 (sheep) 

out mto NajSO^ 

8 6 (rabbits) 

— 

Diffusion of m vivo 

— 

6 1 (rabbits) 

Sucrose (diffusion mto lens) 

13 5 (sheep) 

— 

Sucrose (diffusion mto lens 
and subsequent washmg m 
isotomo NajSOi) 


6 40 (sheep) 

Diffusion of ®^Br xn vivo — 

DISCUSSION 

6 7 (rabbits) 


For kinetic studies on the penetration of substances 
from aqueous humour mto tlie lens fibres a know- 
ledge of the magmtude of the effective extracellular 
space — tlie ‘readily available space ’ discussed here — 
IS a first essential The results described m this paper 
mdicate that this space is of the order of 6-7 % where 
%n mvo studies are concerned Owmg to its greater 
density, the nucleus of the adult lens contains a 
higher concentration of potassium (expressed m 
mg /umt wt of lens) than the cortex, the ratio 
[K]/[Na] m the nucleus is, however, lower than that 
m the cortex (Bellows, 1944) If it is assumed that 
sodium IS predommantly an extracellular ion, it 
might be deduced that the nucleus has a greater 
extracellular matrix This conclusion appears 
doubtful on liistological grounds since the hard. 
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VISCOUS, nucleus is composed of densely packed 
fibres A more probable explanation for the lower 
ratio IS that the nuclear fibres are partly permeable to 
sodium, thereby permittmg sodium and chlonde to 
displace potassium, an explanation wnth which the 
present findmgs are m agreement It is apparent 
that the nucleus must have a very low metabolism 
mdeed and tlus fact, coupled with the disappearance 
of the cell nuclei from these central cells, would 
support the new of an mcreased permeabihty to 
sodium 

SmBIARY 

1 The limitation of the tn vitro experiment on the 
excised lens is deduced from studies of the rate at 
which post-mortem changes occur 

2 Three methods for the determmation of the 
‘readily available space ’ are described 

3 Analysis of the results shows that this space is 
6 0-6 5 % of the volume of an adult sheep’s lens and 
approximately 6 % of the volume of an adult rabbit’s 
lens 

4 From an analysis of the K/Na ratio m the 
nucleus and the cortex, together with anatomical 
and histological evidence, it is suggested that the 
clilonde that fails to diffuse out of the lens witlun 
24-48 lir is contamed m the nucleus 

We are grateful to the Medical Research Council for a grant 
to one of ns (M L ) and for defraying the whole cost of this 
work 
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Breakdown of Cozymase by a System from Nervous Tissue 

By H MoILWAIN Ami R RODNIGHT, Research Laboratory, Maudsley Hospital, London, SE 5 


{Received 5 October 1948) 


Cozymase has been observed to be unstable m many 
biological systems (Harden & Young, 1906a, h, 
Schlenk, 1946 , Mcllwam, 1947 , Mcllwam & Hughes, 
1948) In bram tissue Mann & Quastel (1941) and 
Handler & Klem (1942) showed the loss of cozymase 
to be due to a system which hberated mcotmarmde 
from the coenzyme, and which was inhibited by 
added mcotmarmde Smce then many mvestigators 
have taken precautions to prevent the breakdown 
when nsmg systems dejiendent on cozymase, but the 


breakdown has not been studied sufficiently for an 
assessment to be made of its significance m tlie normal 
activities of nervous tissue Because of the important 
part played by cozymase itself, we considered it 
especially necessary to determme tlie speed of the 
breakdown, and its variation with cozymase and 
mcotmamide concentrations and with other factors 
likely to affect it m the living organism The break- 
down has been found to be very rapid, and to mvolve 
the formation of acid (see equation I, p 474) 
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Materials 

Gozijmase specimens Pure cozymnso hns not been 
obtained, but the reaction has been earned out mtli tlirco 
different specunens of the substance, for nliieh nnnlyticnl 
data are given in Table 1 Specimen D was used in the 
majority of expenments Specimen A, Table 1 , is sjiecuuon A 
of Table 1 of JTcIIvram Hughes (1948), and further data 
concemmg it are given m that paper The determinations of 
catalytic activity quoted m Table 1 were made in the apozy- 
mase system under conditions previously described (Jlclln am 
A Hughes, 1948) The mcotmamide contents quoted for 
specimens D andE were obtamed by liberating the amide by 
excess of the bram enzyme, and detcrmming the mcotm 
anude colonmetncaUy (see below) 


Table 1 Analytical data concerning 
cozymasc specimens 


Detenmnation and 
standard value 

Cozy niasc specimen 

! ' 

A D E 

I Acidformationmreaction 
with NajS.04 (Warburg 
A Chnstian, 1936) 

(/imol /mg ) 

1 75 

2 70 

2 68 

Punty by companson 
with theoretical value of 
4 53 p.moL/mg 

Oi^NyP^, mol wt 003) 
(%) 

39 

01 

67 

n Nicotmamide content (%) 
(theoretical value 18 6) 

80 

11 5 

90 

Pimty (%), 

43 

02 

.63 

in Catalytic activity m apo 
zymase system (pmol 
CO,/pg /hr ) 

147 

2 40 

— - 

Punty (by companson 
with value of 4 0 denved 
from Axelrod A Elveh- 
jem, 1939 and Mcllwam 
A Hughes, 1948) (%) 

37 

00 


Origin of specimens 

This 

labora 

tory 

V _ 


Y 

Schwartz 
Laboratones, Inc 


Tissue prepanUtons Qumea pigs, rabbits and rats wore 
kdled by a blow on the neck, sometimes bled, the skull 
opened and the bram put on ice, or ground, withm 3-4 mm 
of death Sheep bram and cord were obtamed from a 
slaughterhouse as soon as possible after kilbng and brought 
to the laboratory m ice water Tissue was ground by hand with 
an equal weight of acid washed sand m a cold mortar or 
homogenized m the glass apparatus of Potter (see Umbreit, 
Bums & Stauffer, 1946) Crushed tissue was prepared by 
pressing a fragment approx 3 x3 x2nim to approx 0 3 mm 
thickness between sbdes, it was then handled as a sbee 
A teasedpreparation of white matter was made by drawmg a 
fine needle through thematenal m the direction of the fibres 
Ground preparations with which several experiments were 
to be performed were prepared as follows (of Handler A 
Klem, 1942) Tissue (26 g ) and sand (26 g ) were rubbed for 
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6 min in a mortar and the tissue w ashed into centnfuge in bos 
uith 100 ml of 0 0% HaCl, leaving behind Ibo bulk of tlio 
sand iVflor centrifuging, tho supernatant was discarded and 
the precipitate suspended in a further 100 ml of NaCl In 
most instances reported hero such n ashing u ns jHjrformcd 
BIX times m all, although the preparations did not noticeably 
change after one or ti\ 0 M ashings (see p 472) PrcparationB 
were stored at 2—4° ns Buspensions contaimng tissuo from 1 g 
fresh weight of bram iii 2 ml of 0 0% NnCl saturated with 
toluene jMetaboho quotients were ealciilntcd from tho dry 
weights of tlio whole tissuo from whioli the preparations had 
been made 

Determination of nicotinic acid and nicotinamide 

Tho reaction w ith cj nnogen bromide (sco especially Teen 
A Shinier, 1944) has been adapted to tho special problems 
associated wuth the determination of nicotinamido m the 
presence of cozymasc 

Jtcagents Tho phosphate buffer was that of Martmok, 
Kirch A Webster (1943) CNUr solution was prepared from 
sat Brj water (600 ml ) and KCN (10% w/v, 70-80 ml ) at 

5- 10° and kept in a refrigerator for not more than a week 
The ncccssnrj' concentratioii of HCl used w ns found to bo 
approx 5x for nicolimo acid and n for nicotinamide 

Nicotinic acid To the CNBr (2 6 ml ) and buffer (5 ml ) 
solutions in glass stoppered tubes, the specimens (containing 
up to 0 6 pmoi nicotinic acid in 5 ml ) were added and tho 
mixtures left at room tomperaturo for 36 min , wi-phenyleno- 
dianuno dilij droclilorido (6 % m HCl, 0 6 ml ) and HCl 
(0 6 ml 6^) were added rapidly , mixing after each addition 
Tho intensities of tlic resulting yellow colours wore dotor- 
mmed wnthin 30 min in a Spekker absorptiomctor with 
Ilford spectrum filter no COl A reagent blank (water 
substituted for tlio test solution) was subtracted 

Nicotinamide Tho amide yielded about a quarter of tho 
colour intensity' afforded by the nciil under the aboio con 
ditions (cf Jlclnick A Field, 1040, Pcrlzwcig, 1947) Several 
workers have used heat during the reaction with CKBr to 
reduce the reaction time and increase the colour intensity 
(Bandior A Hald, 1939 , Jlartmck ct al 1943) , in the presence 
of cozymasc w o found most satisfactory tho following modi- 
fication of the method described above for nicotinic acid 
Tbo mixtures of CNBr, buffer and specimens (up to 0 5 
ftmol nicotinamido) were kept at 37° for 30 mm , cooled to 
approx 10°, tho ammo (0 6 ml ) and HCl (0 6 ml n) added, 
and intensities determined w ithm 40 mm 

Preparation of specimens for analysis Specimens were 
mainly from reaction mixtures contaming bram tissue or 
preparations, and it was necessary to doprotcmizo them 
without hberatmg mcotmamide from cozymaso Zn{OH), 
was foimd satisfactory To tho specimen (containmg approx 

6- 40 mg wot wt of tissuo) m a graduated centrifuge tube 
ZnSO^ (8 % w/v, 0 2-0 4 ml ) was added and the tube put in 
ICO water NaOH solution, equal m volume to the ZnSO^ , 
and of a concentration previously found sufiiciont to romovei 
the Zn and leave a neutral solution, was added followed by 
water to 7 or 10 ml The tubes were centrifuged and samples 
taken for mcotmamide determination 

Acid formation dui ing cozymase breakdown 

In the main compartments of Warburg vessels (oonioal, of 
approx 15 ml ) were placed 2 ml of a solution oontainine 
NaHCOa (0 009m) ond NaCl (0 9%), fresJily gassed with 
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6 % (v/v) CO 2 N, To the side arms were next added 0 6 ml 
of the bicarbonate salme (controls) or cozymase freshly 
dissolved m bicarbonate salme (experimental vessels) The 
tissue suspension (0 6 ml , m 0 9 % NaCl) was then added to 
the mam compartments, yellow P to the centre cups, the 
vessels fitted to manometers and equihbrated with the 
COj-Nj at 37° Successive readmgs were usually steady 
16-20 mm after plaomg m the thermostat, the contents were 
then mixed and readmgs taken at 3 or 6 mm mtervals 
Other physiological sahnes used were those of Krebs & 
Eggleston (1940) 

RESULTS 
Rate of reaction 

Estimation by nicotinamide formation First indi- 
cations of tlie Ingh reaction velocity were obtained 
by following the course of hberation of mcotmamide 
by bram tissue ground with sand (Fig 1) Cozymase 
concentrations were employed which approximated 
to those of the pyndme nucleotide content of animal 
tissues After stoppmg the reaction and removmg 
protem (both accomplished by zmc hydroxide pre- 
cipitation) mcotmamide was determined by the 
Koemg reaction The mitial velocity m Fig 1 corre- 
sponds to the decomposition of 1 8 /unol of cozy- 
mase/mg dry wt of whole tissue/lir Other experi- 
ments by this method under conditions similar to 
those of Fig 1 gave quotients of 1 0-1 4 with tissue 
from different species (Table 2) 

Direct comparison between the rate of breakdown 
of cozymase and the rate of respiration was made 
with material from gumea pig bram Shces (mixed 
grey and white matter from cerebral hemispheres) 
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absorbed 0 64, 0 60 /unol OJmg dry wt /hr m 
glucose salme, without Ca salts, at pH 7 4 and at 37° 
(O 2 as gas phase) Values m salme with Ca (0 006m) 
were 0 4, 0 38 ^mol 02/mg dry wt /hr These are 



Time (min ) 


Fig 1 Course of hberation of nicotinamide from cozymase 
(0 02 fimol ) by ground rabbit bram (0 4 mg dry wt ) m 
3 2 ml phosphate Rmger at pH 7 4, 37°, aerobic 

typical values (Warburg, 1924, Quastel, 1939, 
Elhott & Libet, 1942) Ground tissue from the same 
hemispheres decomposed 1 26, 1 36 ymol oozy- 
mase/mg dry wt /hr 

Activity of different tissue preparations The rate of 
reaction mcreased with the degree of damage of the 
tissue (Table 2), bemg less m shces or crushed tissue 


Table 2 Cozymase breakdoum by different species and preparations 


Animal 

Tissue 

Treatment 

Rate of breakdown 
(pmol /mg dry wt /hr ) 

Rabbit 

Whole bram 

Ground with sand 

14 

Gumea pig A 

IV 

II 

10, 14 

Sheep A 

If 

II 

13 

Mouse 

11 

II 

05 

Sheep B 

Cord 

Homogemzed 

108 

White matter from corpus callosum 

IV 

0 86 


Grey matter from lateral convexity 

91 

0 36 


of hemispheres 

Grey matter ad] oining longitudinal 

91 

0 36 

Gumea pig B 

fissure 

Whole cerebral hemisphere 

Ground with sand, not washed 

102 

>, tt 

Ground with sand , washed 3 tunes 

1 03 


II II 

Homogenized m equal weight of 

1 16 


11 II 

salme 

Homogenized m x 20 wt of salme 

1 12 

Gumea pig C 

Largely white matter from cen- 

Shced 

0 28, 0 46 

trum ovalae 

Largely grey matter from cerebral 

91 

013 

Gumea pig D 

cortex 

Largely corpus callosum 

Teased 

0 43 

Mixed tissue from cerebral hemi- 

Crushed 

0 61 


spheres 

II II l> II 

Homogemzed 

1 66 
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than in homogenates or material ground with sand 
In grmding with sand, little difference was found 
between a preparation rubbed for 0 6 and ono 
rubbed for 6 mm No appreciable difference was 
found between the actmty of a suspension of giuiioa 
pig brain made 2—3 imn after death, and another 
made after the excised tissue hod boon loft at room 
temperature for 30 mm lAdute matter nas more 
active than grey (Table 2) 

Acid formation during the reaction 

The findmgs of Handler & Klein (1942) on the 
breakdown of cozjunase suggested to us that the end 
products might be more acidic than cozjTuaso, smeo 
the reaction mvolves the conversion of a pj’Tiduuuin 
salt, the salt of a strong base, to a much more weaklj'^ 
basic pyridme derivatn e (see equation I, p 474) Tlio 
breakdown of cozymase has been folio wed m previous 
work either by measurmg the fall in catalytic 
activity of cozymase containing solutions or by 
measurmg the mcotmamide produced Measurement 
by acid formation would be much more convemont 
m studymg the reaction kmeticaUy, but it was first 
necessary to find whether the same breakdown was 
m fact bemg observed Relevant findmgs are given 
below ' 



Pig 2 Couise of evolution of CO, from NaHCO, containing 
solutions durmg breakdown of cozymase by ground bmm 
(points), xelationBlup to lucotmanude released (crosses) 
(4) Rabbit, pH, 7 3, maintained by NaHCO, (0 02lM)and 
COa-N, (5% v/v) Reaction nustures contained also 
0 9% NaCI, 1 24 /imol cozymase and the followmg dry 
weights of tissue —0—0—, 1 mg , — ®— , 2 6 mg 
(B) Sheep, pH 6 8 (byNaHC 03 CO,) , cozymase, 2 4/xmol , 
4 2 mg dry weight of tissue, otherwise os (4) The two 
sets of pomts (O and •) refer to dupheate reaction 
mixtures Crosses mdioate mcotmarmde released at tho 
end of each experiment 

Quantity of acid produced By carrymg out the 

reactionmbicarbonate-containmgsolutionsmmano 

metric apparatus it was possible to observe a smooth 
evolution of CO, (Rig 2 ) The use of such conditions 
for measurmg the rate of the reaction was, therefore 


oxammod Anaerobic conditions wore gonorally 
employed, to minimizo tho possibility of associated 
reactions Tho brain preparations after tliroo 
washmgs with 0 9 % sodium clilorido caused very 
little gas change at the low concentrations in which 
they wore used (0 6-2 mg ^dry wt /ml , 3 ml /vessel) 
Reaction m tho absence o'f cozymaso was relatively 
vorj^ small oven when fresh homogenates of tissue 
■core used ivithout any wnshmg Tho commonest 
observation was of gns absorption m tho absence of 
substrate, at a rate between 0 and 10 % of tho rate 
of reaction with cozjTnaso Such changes -^vero 
allowed for by subtracting tho change m a tissue 
control from those m experimental vessels Any 
retention of CO» by tlio preparations was withm 
exporunental error Usmg such methods, tho CO, 
evolved was found to bo approximately oqmvalont 
to tho cozymaso decomposed (Fig 2) Sovontoon 
experiments mth five different preparations, in- 
cluding sheep, rabbit and giunoa pig brain, gave for 
tho ratio CO, o\ olvod/mcotmarmdo formed, a moan 
value of 0 98 with standard deviation of 0 08 

With limited quantities of cozyunaso tho gas 
evolutionroachoda'noll-markodendpomteqmvalent 
to tho cozjTnose added At this stage tho enzyme was 
not mactive , tlus was shown by addition of further 
cozymase Tho end pomt is being approached in ono 
experiment of Fig 2 A 

Inhibition by nicotinamide Mann&Quastol (1941) 
found 0 1-0 Olii-mcotmamide prevented the inacti- 
vation of cozjTuase by animal tissues, mcludmg 
bram This findmg has been apphed by many sub- 
sequent workers m experiments which required 

Table 3 Inhibition of the breahdoion of 
cozymase by nicotinamide 

(Reaction mixtures contamed a sheep bnun preparation 
(1 7 mg dry wt ) and tho mcotmamide m 2 5 ml NaCl- 
NaHCOj Cozymaso (m 0 6 ml ) was added at zero time, and 
tho reaction mn for 20 mm Tho rates of the last column 
wore determmed graphically ) 


In reaction mixture 

A 

Produced 

Imtial rate 
of CO, 
evolution 

1 

Nicotm- 

Nicotm 

\ 

Cozymaso 

amide 

amide 

CO, 

(nmol Irac 

(/imoL) 

(fimol ) 

(/imol ) 

(/imol ) dry ivt /hr ) 

1 24 

0 

105 

101 

1 26 

1 24 

10 

0 92 

0 96 

1 13 

1 24 

20 

0 82 

0 78 

0 76 

1 24 

40 

0 60 

0 56 

0 66 

1 24 

80 

— 

0 26 

0 34 


mtact cozymase, relatively high concentrations of 
the amide (e g 0 02 m) bemg employed We found 
both 0 01 and 0 002M-mcotmamide almost com- 
pletely inhibited the formation of acid from cozy- 
mase by washed sheep bram, xmder the experimental 
conditions described above This additional evidence 
supports the vahdity of the manometnc method for 
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following cozymase breakdown Moreover, the 
reaction was found to be extremely sensitive to 
mcotinamide A quantity equimolar to the cozymase 
content of a typical reaction mixture markedly 
lowered the reaction rate (Table 3) Because of this 
sensitivity it was possible to follow the inhibited 
reliction quantitatively not only by acid formation 
but also by mcotmamide production Good agree- 
ment was obtamed between measurements made m 
these two ways (Table 3) This makes it probable 
that the acid and mcotmamide are mdeed formed m 
the same reaction, and, aceeptmg the evidence of 
Handler & Klem (1942), this may be formulated 
as m (I), though we have not fully mvestigated 
alternative possibihties 

ji + HCOr 1^ jl + llOH + COj (I) 

i 

Rate of cozymase breahdovm under 
various conditions 

The effect of a variety of circumstances on the 
breakdown was examined In domg this the rate of 
acid formation was largely used, but results were 
confirmed m each set of experiments by measurmg 
at the end of the reaction the total mcotmamide 
formed 

pH, salts, oxygen The reaction showed an optimum 
pH between 6 6 and 7 (Fig 3) Most manometno 
experiments were, therefore, carried out at pH 0 9, 



Fig 3 Change m rate of cozymase breakdown with pH 
O, 0 02m phosphate buffers, guinea pig brain, O, 0 iM 
acetate buffers, guinea pig brain, +, bicarbonate 6% 
v/v CO., rabbit brain Initial concentration of cozymase 
2 X 10-^"m 

obtamed by 0 0076M-sodium bicarbonate m eqmh- 
brnim vnth 5 % (v/v) COg N, Great variation m the 
lomc composition of the medium was possible with 
out significant change m the reaction velocity 
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(Table 4 and Fig 3) The reaction velocity was 
compared m air/COj and Ng/COg (with yellow 
phosphorus to mamtam anaerobiosis), and no 
difference was foimd 

Table 4 Cozymase breakdown in dijferent media 

(All mixtures contained cozymase (2 x 10~* m) and were at 
pH 7 4 Bach of the velocities quoted was calculated from 
three determinations of the mcotmamide liberated at dff 
ferent times during the reaction ) 

Rate of breakdown 
(pmol mcotmamide 
Iiberated/mg dry wt /hr ) 


f 

Withgmnca With rabbit 


Suspending medium 

C7 

pig bram 

brain 

Physiological saline with Ca 

107 

126 

Physiological saline mtUout Ca 

1 17 

125 

Phosphate buffer (0 02 m) 

0 00 

1 17 

Stability of preparations 

Ground 

sheep brain. 


washed and suspended (4 4 mg dry wt /ml ) m 0 9 % 
sodium chloride at pH 7 0, retamed less than 6% of 
its activity after heatmg for 16 mm at 100 or 70° 
At 60°, 20 % of the activity remamed and at 60°, 
40 % At 37°, no loss occurred m 1 Iir at pH values 
(m phosphate) of 5 6, 6 8 and 8 Preparations were 
normally stored in a refrigerator at 2-3°, with 0 6 g 
wet wt of tissue/ml of 0 9 % sodium cblonde Moat 
preparations had been washed with 0 9 % sodiuin 
chloride (volume, five times the bulk of fresh tissue) 
by centrifugmg either three or six times, and were, 
without deliberate adjustment of pH, at pH 7 
Toluene was added os a preservative and under these 
conditions httle loss in cozymase sphtting activity 
occurred durmg 1—2 months Some loss was found 
m preparations 3 or 4 months old, and m a more 
recent preparation m which bacteria had grown 
Variation in velocity with cozymase concentration, 
different cozymase specimens Figs 1 and 2 show that 
the velocity of breakdown of cozymase falls towards 
the end of experiments m winch cozjrmase concen. 
tration is decreasmg, and the concentration of mco 
tmamide, winch mlubits the reaction, is mcreasmg 
To differentiate between these two factors, kmetio 
experiments were carried out -with different imtial 
concentrations of cozymase, and imtial velocities of 
breakdown obtamed from graplis such as those of 
Fig 2 The mitial velocity fell relatively httle at 
concentrations down to 6 x the lowest at 

which the ordmary manometnc method is apphcablo 
The reaction velocity at concentrations below this 
was, therefore, followed by mcotmamide determi- 
nations The results (Fig 4) were not sufficiently 
accurate for determinmg the equihbnum constants of 
the sy'stem, but showed that the velocity did not fall 
to half the maximmn imtil the concentration of 
cozymase was less than lO'^M A higher value is 
given by Spauldmg & Graham (1947) for unspecified 
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tissues 'wluch may molude bram Ratos of broalcdoini 
of specimens A, I) and E of cozjTnose (see Table 1) 
were compared at concentrations between 1 3 and 
4x 10-^M, no differences were found 



0 4 8 f2 

Initial coaymase (hxIO**) 

Fig 4 Change in initial rate of cozymase breakdown with 
cozymase concentmtiQn, in two preparations of guinea pig 
brain Above cozymase E, below, cozymase D ©, de 
tennined by C0> evolution, D, by nicotinamide forma 
tion 

Extraction of cozymase-spliUing enzyme 

In the preceding experiments a suspension of 
tissue particles m 0 9 % sodium chloride was used m 
which the activity was firmly associated with the 
particles (Table 2) The active material readily dis- 
solves m water with little loss, together with a large 
part of the tissue preparation, giving an opalescent 
solution, as is shown m Table 6 the actmty/umt dry 
weight iH meteaaed m the process Sheep brain bos 
been extracted similarly, both before and after 
standmg with toluene The properties and treatment 
of such extracts will be described later 


DISCUSSION 

The foUowmg findmgs must he taken mto account 
assessmg the part played by the breakdown of coz 
maae m preparations from nervous tissue (1) ] 
velocity of 0 4~1 8 funol /mg dry wt /hr This is or 
standing The rate of reaction, even on a mol 
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basis, can bo greater than the respiratory rato of tlio 
tissuo, it can load to tho broakdowm of tho (issue’s 
own drj’' weight of cozyunnso each lioiir (2) Tins 
velocity IS rooohod at tho concontrations of co/junoso 
occurring in the tissue (3) Tho reaction is mliibdod 
by mcotinamido, also at concentrations comparablo 
to those at rvliich nicotinamide derivatives occur m 
the tissue It is (4) most rapid m damaged tissue, 
loads (5) to loss of tho catalytic activity of cozymase 
and (6) to tho formation of liydrogon ions at an 
equivalent, high velocity 

Table 6 Extraction of cozymase splitting 
system from gmnea pig brain 


Actnitj (b\ CO. ciolution 
at pH G 8) 

A 



/roioJ coz}- 

TOtVSD 

spht/vnatcnal 

pTOOl COZJ- 


deru ed from 

masc 8plit/nig 


1 g fresh 

diA'wt ofpre- 

Props rut ion 

wt /hr 

paration/hr 

(1) Whole bmm ground wntli 

224 

1 12 

sand 

(2) PrcpanUion (1) wadiod 

77 

I G 

witii Biihnc and extracted 
with water (5 ml /g 
fresh brain), extract 

(3) Rcsiduo from (2) re 

77 

1 4 

CTtractcd ns before , 
extract 

(4) Residue from (3) 

58 

00 

Sum of (2), (3) and (4) 

212 

- 


ifcocfioji vclocrhj Although tho rooction has boon 
mvosfcigatod m ground nervous tissue and has 
frequently been described as rapid, kinetic oxporx- 
meats leodmg to dependable values for its rate do 
not appear to have boon reported An isolotod state- 
ment IS mode by Spauldmg & Graham (1947, m a 
footnote to Table 1), but not discussed further, that 
‘the nucleosidase/g of dry bram spht approxi- 
mately 15 mM of DPN m 20 mm ’ Interprotmg mjr 
as millimol , tho velocity corresponds to 100 times 
that which we find, on the other hand, most other 
measurements of eoz 5 miaso m Spauldmg & Graham’s 
paper are m micromol quantities, and if mar means 
mcromol the speeds are about 1/10 those which we 
find Spauldmg & Graham give the lolativo volo- 
citm of breakdoivn by ground rat bram and heart os 
m the ratio 100 27 The rate of breakdown of cozy- 
mase by gmnea pig heart can be derived mdiroctlv 
wm measurements b 3 ^ Govier & Jettor (1948) as 

dry wt/hr , ignoring possible 
species ^erences, tins would suggest a value of 

forbramTlnsisclosotoour 

oiTO finite and appears to be the roost satisfactory 
mtepretation of the observations of Spauldma & 
Gmham (1947) 
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such as diphosphopyridine nucleotidase for the 
system, as the specificity of its action has not yet 
been exarmned 

Dependeyice on nicohnamzde and cozymaee concen- 
trations The concentration of cozymase m fresh bram 
tissue canhe calculated from values given by Axelrod, 
Madden & Elvehjem (1939) as approx 6x 10~*M 
Values for total mcotmic acid derivatives are close 
to this (Mitchell & Isbell, 1942, Taylor, Pollack & 
Wilhams, 1942) With such an mitial concentration 
of oozymase, our results show that the breakdown 
can proceed at over 80 % of its ma ximum velocity, 
but that a faU m cozymase concentration results m 
a faU m the velocity of the reaction (Fig 4) Also, 
the reaction is inhibited by comparable concentra- 
tions of mcotmamide, one of its products Therefore, 
although the operation of tlus reaction at its maxi- 
mum velocity would lead to very rapid depletion of 
the cozymase of the tissue, the velocity of breakdown 
would be expected to fall considerably as the sub- 
strate disappeared and the product accumulated 

Possible operation of the reaction m vivo Although 
the breakdown of cozymase is particularly rapid m 
bram tissue, and may there subserve a special 
purpose, it occurs m many animal tissues (of 
Schlenk, 1945 , Spaulding & Graham, 1947 , Govier & 
Jetter, 1948) and also m bacteria (MoUwam & 
Hughes, 1948) Data are only rarely available for 
fall characterization of the reaction, but it is readily 
differentiated from that of the nucleotide pyro- 
phosphatase (Komberg, 1948) which does not 
hberate free mcotmamide The process m strepto- 
cocci hberated mcotmamide, but was not associated 
with acid formation (McHwam & Hughes, 1948), 
there, however, mtact cells were bemg ex amin ed, 
and greater possibihty existed for couphng with 
further changes The major problem m assessmg the 
physiological importance of the reaction hes m 
reconciling its high velocity with the imdoubted 
importance of mtact cozymase In general, this 
suggests that the breakdown may be mtermittent, 
owmg to some physiologically controlled inhibition, 
that the breakdown must be counterbalanced by 
synthesis , and that the reaction may constitute part 
of a system controUmg cozymase -re quirmg reactions 
by regulatmg the cozymase level 

Considermg more specifically mammahan bram, 
the cozymase content of the fresh organ m a given 
species has been found to be relatively constant 
(Axelrod et al 1939), and breakdown of added oozy- 
mase IS smallest when least damage has been done to 
the tissue In the tissue, which of courae contains 
more than one ceU type, the process is presumably 
inhibited for a large part of the time (possibly by 
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separation of the reactants), and balanced by re 
synthesis if and when it takes place Stabfiity of the 
native cozymase of the tissue is bemg examined 
separately, but it is possible to make the following 
observations from the present data The reaction 
seems smted to physiological operation and control 
m that its pH optimum is withm physiological range , 
its relation to substrate concentration is such that 
with the cozymase concentration found m the tissue 
as a whole the reaction would be rapid mitially, but 
decrease m rate as coz 3 Tnase is lost and mcotmamide 
accumulates , the high mitial velopity makes it less 
likely that reaction with cozymase is an mcidental 
property of a system whose mam reaction is with 
another substrate The phenomena of functional 
importance m nervous tissue are mtermittent, 
extremely rapid and associated with ion migration 
and permeabfiity changes These give many possi 
bihties for the functional importance of a reaction 
with the characteristics of the cozymase breakdown, 
but more data are required for their detaded 
discussion 

. SmCMABY 

1 The process by which tissue preparations fixim 
the central nervous system hberate mcotmamide 
from cozymase proceeded at rates of 0 4r-l 8 
/xmol /mg dry wt /hr , this was often greater than 
the rate of respiration by the tissue 

2 The reaction approached its maximum velocity 
at the natural concentration of cozymase m bram 
tissue (6 X 10“*m), half the maximum velocity was 
reached at less than lO'^M-cozymase 

3 The breakdown was very sensitive to mcotm- 
amide, 10~®M-mcotmamide reduced the rate of 
breakdown of 3 x 10~*M:-cozymase to half its 
uninhibited value 

4 The process resulted m the formation of one 
eqmvalent of aoid/molecule of mcotmamide hber 
ated This was apparently due to the disappearance 
of the pyridimum ion, and when the reaction was 
earned out m NaHCOs-COa buffers its velocity 
could readily be followed manometneaUy by CO 2 
evolution 

6 The optimum pH of the reaction was approx 
7, and the velocity was almost unaffected by many 
morgamc salts 

6 The system responsible for the reaction 
remamed associated with tissue debns m isotomc 
solutions, and was fairly stable at 0 or 37°, but 
mactivated rapidly at 70° It was easily obtamed 
m solution m water 

We are indebted to Mr J D Cheshire for assistance during 
these expenments 
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The Oxidation of Catechol and Homocatechol by Tyrosinase 
in the Presence of Amino -acids 

By H JACKSON AOTi L P KENDAL, Department of Physiology, UmversKy of Manchester 

{Received 6 October 194S) 


In the early stages of the oxidation of catechol by 
crude extracts of potato or musliroom the formation 
of reddish purple pigment can be detected Attention 
■was drawn to this phenomenon first by Szent- 
GySrgyr (1926), -who achieved some degree of separa- 
tion &om potato juice of the substance winch, 
together "with enzyme and catechol, was responsible 
for the pigment formation He suggested the name 
‘tyxm’ for it and specula'ted as to its possible sigm- 
ficance as a reversibly oxidizable hydrogen earner 
Platt & Wormall (1927), however, subsequently 
concluded that ‘tyrm’ was merely a mixture of 
ammo acids, and no more has been heard of it 
Although, as Platt & Wormall beheved, many 
ammo acids can cause pigment formation when 
present m solutions m which tyrosmase is oxidizmg 
catechol, there is now reason 'to think that the ammo- 
acid contnbutmg most stnkmgly to the phenomenon 
ongmally observed is L-prolme The identification of 
L-prolme as a constituent of mushroom extract, and 
the results of a study of some features of the reaction 
mvolved m the production of the pigment, are 
described m this paper 

METHODS 

Tyrosinase preparations These ivere made from the 
common mushroom {PsaUtota campestris) according to the 
directions of Keilin A Mann (1938), but with the omission 


of somo of the later steps m the punfioation dcsonbed by 
these workers Vnnous preparations inth Qq„ values ranging 
between 60,000 and 500,000,* were used in tho course of the 
work Within these limits venation in the punty of tho 
enzyme preparation has no quahtative effect on the reactions 
which are to be discussed 

Measurement of oxygen uptale Tho Warburg raanometnc 
apparatus was used The total volume of reaction mixture 
was 2 0 ml , tho components hemg distnbutcd m 0 1 ii 
phosphate buffer of pH 7 0 The enzyme was tipped into the 
substrate solution from the side arm at zero time, and in 
cntical experiments the msot oup of the reaction •vessel 
contamed 20 % KOH and a roU of filterpaper In the earliest 
experiments the temperature of the nator bath was 20°, but 
was changed to 26° when the advent of warmer weather made 
the mamtenance of tho lower temporaturo difScult 

Golonmciry In expenments where quantitative assess- 
ment of pigment formation was attempted a Spekker photo 
electno abeorptiometer was used ivith a 1 cm ceU and a green 
filter (no 6 of Hilger set H 465, later replaced by Ilford 
speotnim green no 604) The destniotion of the pigment m 
acid solution was sunilarly studied, readmgs being taken at 
timed intervals after addition of aoid to the pigment solution 

Measurement of pH and hydrogen ton hberatwn A glass 
electrode was used for pH measurement When it was desired 
to study the hydrogen ion hberation accompanying tho 
oxidation of catechol in the presence of ammo acid tho 
reaction was earned out in unbuffered solution at pH 7 0 

* Qoj values in gl /mg dry "wt /hr , substrate catechol, 
detennmed manometncally according to Keilin A Mann 
(1938) 
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A glass electrode rvas immersed m the reaction mixture, 
ivhich ■vras aerated ivitli CO, free air or 0, Standard NaOH 
was added from a microburette as necessary to mamtam the 
pH at its initial value The amount of alkah added was then 
the measure of the hydrogen ion hherated durmg the reaction 

BESULTS 

Prelimmary attempts to isolate from musliroom 
extract the substance responsible for the pigment 
formation suggested that tins substance might be 
an ammo-acid Of the available pure ammo acids 
tested m the tyrosmase-catechol S 5 ^tem, only pro 
hne and hydroxyprolme gave a colour similar to 
that given by the mushroom concentrates That one 
of these acids might be concerned was furtlier 
suggested by the fact that the more active the con- 
centrate, the lower was the ratio of ammo mtrogen 
to total mtrogen m it When p-benzoqumone was 
shaken with prolme m ethanol a very similar colour 
was produced suggestmg that the pigment formation 
m the enzyme reaction w£is the result of a secondary 
reaction of ammo-acid with o-benzoqumone, ana 
logons to amlmoqumone formation m the presence 
of anihne (Pugh & Raper, 1927) 

Isolation of "L-prohne from mushrooms 

The mushrooms were mmoed mto 96% ethanol, and after 
standing 2-3 hr , with frequent stimng, the supernatant 
fluid was decanted and the tissue squeezed out m muslm m 
a hand press After filtration of the comhmed fimds the 
ethanol was removed under reduced pressure and the 
residue taken up m water Sufficient basic lead acetate was 
added to ensure maximum precipitation, and the precipitate 
was removed by filtration After removal of the lead by H,S 
the filtrate was taken to dryness at 30° tn vacuo and extracted 
with cold methanol The methanol was removed from the 
extract under reduced pressure, and the residue dissolved m 
water and precipitated with Remecke salt This precipitation 
was earned out m two stages, separating first the precipitate 
formed at 26°, and then lowenng the temperature to 6°, when 
a second crop of Bemeckate was obtamed The precipitates 
were decomposed separately by the method of Kapfhammer 
& Eck (1927), and the solutions were evaporated to dryness 
under reduced pressure The matenal from the Remeckate 
precipitate obtamed at 6° gave a white crystaUine sohd on 
treatment with absolute ethanol Recrystalhzation from 
absolute ethanol gave a product of m p 218-220° and [cifff 
- 76° m water The figures usually quoted for L-prohne are 
mp 220-222° (Kossel & Dakm, 1904), and [a]^® -80° 
(Fischer A Zemplen, 1909) (Found C, 62 3, H, 8 0, N, 12 0 
Calc for prolme CjHbOiN C, 62 2, H, 7 8, N, 12 2 and for 
hydroxyprolme CjHjOjN C, 46 8 , H, 6 9 , N, 10 7 % ) It is 
concluded therefore that the product was l prolme About 
1 g was obtamed from 7 kg of mushrooms 

Oondation of catechol by tyrosinase in the 
presence of prolme 

Fig 1 shows the course of O, uptake when a small amount 
of catechol was oxidized by excess of tyrosmase under the 
conditions already specified, m the presence of different molar 
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proportions of UL prohne No special significance is to be 
attached to the mitial rates of uptake, which were hmited by 
the rate of diffusion of oxygen mto the hqmd phase, but it is 
clear that m the presence of prolme the uptake of the second 
atom of oxygen/mol of catechol was greatly accelerated 
Provided a sufficient amount of prolme was present, the 
absorption of oxygen was completed withm 10 mm , and the 
amount then absorbed corresponds within the hmits of 
experimental error to 2 atoras/mol of catechol The mtense 
purple end product appeared to undergo no further change 
during the time of the experiment 



Fig 1 Oxidation of 0 6 mg catechol by tyrosmase m the 
presence of prolme, at pH 7 0 and 20° MoL prolme 
present/mol catechol • — •, none, O — 0> 0 D — O' 
10, V— V.20, X — x,60 



Fig 2 Oxidation of 2 0 ml 0 0026m catechol by tyrosmase 
m the presence of 0 026m hydroxyprolme at pH 6 O and 
25° The hydroxyprolme was mtroduced mto the reaction 
mixture O — O, before the begmnmg of the oxidation, 

at4mm , A— A. at22mm , x — x,at30i^, 

and • — •, not at all 

When hydroxyprolme is substituted for prolme m such an 
experiment the course of O, uptake and the colour developed 
are scarcely distmguishable finm those observed m the case 
of prohne Fig 2 shows the 0, uptakes m an experiment m 
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irbioh the addition of hydrosyprohiie to the reaction niixturca 
n-as delayed for a penod after the cnzjTnio oxidation of 
catechol had hegun Warburg flashs mth two side arms wero 
used, the second side ami containing the imino acid solution 
which was tipped into the mam part when the desired time 
mterval had elapsed The expenment was carried out at 
pH 6 0 m order to slow down the absorption of the second 
atom of oxygen It will be noted that the addition of the 
imin n acid caused m each case a rapid absorption the 
magmtude of which dimimshed with increasmg delaj in 
immo acid addition, hut the total uptake at the end of tho 
experiment was the smaller, and tho nearer to precisely 
2 atoms/mol catechol, the earher the immo acid addition 
At the end of this experiment each reaction mixture was 
diluted to 50 ml and its colour intensity measured m the 
Spekker absorptiometer The results obtained are shown in 
Table 1 Little reduction m pigment formation was observed 

Table 1 Efcct of delay hydroxyprolinc addihon 
on pigment formation in the catechol tyrosinase 
system 

(Reaction mixture 2 0 mk, pH G 0, 25'“ 0 0025 Ji catechol, 
0 025 m hydroxyprolme Diluted with water to 60 ml for 
absorptiometer readmg ) 

Time after begm- 

ning of oxidation Atoms of 0/mol 
when hi droxy catechol ahead j 

prolme was added absorbed at Final colour 

(min ) this tune mtensity* 

0 0 0 400 

4 1 03 0 430 

22 1 66 0 279 

36 1 96 0 217 

No addition — 0 107 
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glyomo aro in equimolar proportions, and that nlion glycine 
18 present m excess oxidation of the excess takes place, ns 
indicated by tho continued 0. uptake Tina oxidation is 
accompanied by hbcration of NHj, ns nns observed by Platt 
A WormaU (1927) 

A fow sinulfir oxponnionts Mcro made Avith nlanino, 
glutamie ncid and arginine, with simdar results In each case, 
nt relatively lugh ammo noid concentrations, tho rapid phase 
of O 2 uptake ending at about 2 ntoms/mol catechol was 
followed by a slower continued absorption indicative of 
oxidation of tho ammo ncid TIio rapidity of this oxidation 
dmimishcd in tho senes glycine, arginine, glutamic noid, 
alanine 



Absorptiometer readmg, filter no 604 


Fig 3 Oxidation of 0 6 mg catechol by tjTOsmaso m tho 
presence of glyomo, at pH 7 0 and 20° Mol glyomo 
present/mol catechol • — #, none, O — O, 1 0, 
□—□,2 0, X— X, 6 0 


when the addition of hydroxyprolme was delayed untd 
1 atom of oxygen/mol catechol had been absorbed, but the 
uptake of the second atom of oxygen was accompamed by 
a correspondmg loss of capacity for pigment production upon 
addition of immo acid. Similar results were recorded by 
Jackson (1939) m a study of the oxidation of catechol m the 
presence of anilme, and were mterpreted as mdicatmg that 
only the primary oxidation product of catechol, 1 e o benzo 
qumone, reacted with the base to form pigment The same 
mterpretation fits the facts of the present case 

Oxidation of catechol by tyrosinase in the 
presence of glycine 

The effect of glycme on the oxidation is shown m Fig 3 
In this case, too, the mitial very rapid O 3 uptake was greater 
m the presence of the ammo acid At the lower glycme con 
centra tions the absorption had almost ceased m 60 nun , and 
the total amount absorbed at the end of the experiment was 
less than m the absence of ammo acid, though significantly 
m excess of 2 atoms/mol catechol At the highest glycme 
concentration the rapid phase was followed by a further 
Oj uptake which contmued at a considerable and almost 
constant rate until the end of the experiment The colour 
developed is an orange pmk, and the observations suggest 
that a fau-ly stable pigment is formed when catechol and 


Oxidation of catechol by tyrosinase in the 
presence of pyrrolidine 

It 18 of mterest to know whether pyrrohdme, hke its 
denvatii es prolme and hj’^droxyprolmo, gives nse to pigment 
formation and affects the 0. uptake m the tyrosmase catechol 
system Tests showed pyrrohdme to behave like its carboxy 
lated denvatives The effect of pyrrohdme on the 0- uptake is 
seen m Fig 4, where curves relating to s imil ar experiments 
with hydroxyprolme and with anilme are given for com- 
parison 

Oxidation of homocatechol by tyrosinase in the 
pi esence of ammo acids 

Pigment formation from homocatechol (4 methylcateohol) 
took place m a manner exactly analogous, so far as could be 
judged, to its formation from catechol In Fig 6 the Oo 
uptakes of catechol and homocatechol under the same 
conditions with and without prolme are compared The 
reaction rate, particularly as regards the uptake of the second 
atom of oxygen, was slower m the case of homocateohol, but 
the ammo acid exerted a similar effect with each substrate 
When 4 6 dimethylcateohol was present as substrate, the 
addition of prohne had no effect on the colour which developed 
m the reaction mixture 
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Pigment formation from monoplienols and 
imino acids 

By virtue of their monophenolase activity tyrosinase 
preparations are able to form pigment from phenol and 
p oresol The pigments formed m the presence of the immo 


3 atoms 



Big 4 Oxidation of 0 6 mg catechol by tyrosmase at pH 7 0 
and 20°, alone (9 — ®) and m the presence of excess hy 
droxyprohne (O — O), pyrrohdme (□ — □) and anilme 

( X— x) 



Big 6 Oxidation of 2 0 ml 0 0026 m o diphenols by tyro 
smase at pH 7 0 and 26°, alone and m the presence of 
0 026M-prohne A, catechol, B, catechol and prolme, 
C, homocatechol, D, homocateohol and prohue 

acids appear to be identical ivith those formed from catechol 
and homooatechol respectively The course of O* uptake tvith 
monophenol os substrate to the enzyme is shoivn m Big 6, 
andis seen to be more rapid m the presence ofhydroxyprohne 
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The total uptake is about the expected 3 atoms/mol mono 
phenol The mduotion period before the Oj absorption rate 
reaches its maximum, a well known charactenstic of the 
oxidation of monophenol by the enzyme, is discermble m the 
phenol curves, though at the high enzyme concentration 
used in the expenmont it was very bnof It is of mterest to 
note that the duration of this penod is much diminished by 
the presence of the iimno acid, an effect which is seen more 
clearly m experiments with smaller enzyme concentrations 


3 atoms 



Time (min ) 


Big 6 Oxidation of 2 0 ml 0 005 3i monophenol by tyrosi 
nase at pH 7 0 and 26°, with and without 0 01 m hydroxy 
prolme A, phenol, B, phenol and hy droxyprohne, C, p 
oresol, D, p cresol and hydroxyprohne 

In an experiment similar to that to which Big 6 refers, 
but moludmg m addition reaction mixtures with equivalent 

concentrationsofcatecholandhomooateoholinsteadofmono 

phenol, the pigmented reaction mixtures at the end of the 
manometno experiment were equally diluted, and an estimate 
of relative pigment concentrations obtamed by taking 
absorptiometer readmgs The readmgs for the products from 
phenol and catechol were 0 690 and 0 678 respectively, for 
those fromp cresol and homocateohol 0 646 and 0 460 Thus 
pigment formation was with the former pair shghtly, with 
the latter pair markedly, more efBoient when the substrate 
was monophenol than when it was the correspondmg 0 - 
diphenol 

Colonmetnc study of pigment formation 

To obtam information about the relationship between the 
extent of pigment formation and the molar ratio of umno 
aoid to catechol durmg the reaction, mixtures containing 
6 /imol catechol and excess enzyme, with vaiying proper 
tions of immo acid, at pH 7 and 26°, were shaken with air 
long enough to ensure maximum colour development, then 
diluted to 26 ml with water and exammed m the Spekker 
absorptiometer with the Ilford filter no 604 This procedure 
was also earned out with homooatechol, and colour develop 
ment with pyrrohdme, hydroxyprohne ethyl ester, glyome, 
dimethylamme and methylamme, as well as with prolme 
and hydroxyprohne, was exammed The results are shown m 
Bigs 7 (o) (catechol) and 7 (6) (homooatechol), where the 
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transmission 

Filter no (601) (602) (603) (604) (605) (606) (607) (608) (601) (602) (603) (604) (605) (606) (607) (608) 


Mg. 8 Light absorption curves of pigments formed by enzymic oxidation of (a) catechol and (6) homocatechol in the 
presence of mtrogenous bases Ordmates, absorptiometer readings , abscissae, ivave lengths of maximum transmission 
of the filters used, the serial number of each filter (Ilford spectrum series) bemg given m the appropriate position under 
the -wave length scale The bases used were Q — o, prohne, □ — □, hydroxyprolme, O — O. hydroxyprolme ethyl 
ester, 4 f-, pyrrohdme, x x, glycine, dimethjdamme, | methylanune The broken Ime at the foot 

of each set of curves mdicates the readmgs m a control m which no base had been present The measurements wore 
made at a dilution correspondmg to 0 0002m m terms of the amount of o diphenol used, and m a 1 cm cell The upper 
broken Ime m (6) mdicates the readmgs given by a 0 0002m solution of the synthetio qmnone I 
Biochem 1949, 44 
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colour intensity (m terms of actual absorptiometer reading) 
IS plotted against the ratio mol base/mol o diphenol of the 
reaction nurture It wdl be noted that with catechol as 
substrate mcreasmg the concentration of mtrogenous base 
above an equimolar proportion results m httle increase m 
pigment formation m the case of prohne, hydroxyprohne 
and hydroxyprohne ethyl ester, and even ■with homocateohol 
more than 50 % of the man mum colour is produced by these 
substances at a 1 1 ratio This is a strong mdioation that the 
formation of the pigment requires only 1 mol of mtrogenous 
base/mol of o diphenol It seems likely that a condensation 
reaction takes place between 1 mol of mtrogenous substance, 
through its inuno group, and 1 mol of the pnmary oxidation 
product, o benzoqmnone (Pugh & Raper, 1927), to give the 
leuco form of the pigment, which is then changed mto the 
coloured form by the utilization of 1 atom of oxygon In 
these experiments hydroxyprohne ethyl ester behaved 
umquely m that mcreasmg its relative concentration above 
the 1 1 ratio led to a diminution m the amount of pigment 
found This effect was much more st rikin g -with catechol than 
■with homocatechol as the substrate, and was neghgible at 
pH 6 as the appropriate curve m Fig 7 mdicates It appears 
to be due to an instabdity of the pigment m the presence of 
excess hydrox 5 q)rohne ethyl ester The curves of Fig 7 do 
not give such a defimte mdication as to the molecular 
proportions involved m the reactions ■with pyrrohdme, 
glycme and the methylammes Higher concentrations of 
these bases were necessary for effective reaction, and it is 
uncertam whether an approach to quantitative conversion of 
0 diphenol to pigment was achieved even at the highest 
concentrations used 

The colours given by catechol and homocateohol ■with the 
same base were not distmguishable m tmt to the naked eye 
The ■various substances contammg a secondary ammo group 
appeared to give an identical colour m the reaction, whilst 
those ■with a pnmary ammo group gave qmte a different hue 
To record this more objectively, absorptiometer readmgs 
were taken, usmg m turn each filter of the Ilford spectrum 
senes, and the results are sho^wn m Fig 8 The pigments 
denved from secondary armnes aU give curves of a very 
similar form ■with maximum absorption when the green 
(no 604) filter was used The glycme pigment curves are 
clearly different and show maximal absorption with the blue 
green filter (no 603), and methylamme resembled glycme m 
its beha^viour m this respect These facts suggest that the 
pigments denved from the various secondary ammes are 
analogous m structure, but of course do not necessanly 
preclude a similar structure m the glycme pigment 

Inheration of hydrogen %on dunng pigment formatioji 

The method used for this study has already been desonbed 
The experiments were earned out at room temperature, about 
20° The addition of enzyme to the aerated solution of 
o diphenol and base caused a rapid hberation of hydrogen ion 
correspondmg m time ■with the rapid phase of Oj absorption 
and ceasmg abruptly when pigment formation was completed 
The course of hydrogen ion hberation m one such experiment 
IS shown m Fig 9, and the relationship between total hydro 
gen ion hberated and amount of o diphenol oxidized may be 
seen m the summarized data of Table 2 It is mterestmg to 
note that there was a significant hberation of hydrogen ion 
dimng the o'adation even m the absence of any mtrogenous 
base, but the source of this hydrogen ion is at present un- 
kno^wn The data given m Table 2 are m accordance ■with the 
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■new that when a base was present the amme group was 
mvolved m the pigment formmg reaction, and was con 
verted mto a less basic form umomzed at pH 7, so that an 
eqmvalent of hydrogen ion was hberated Direct quantita 
tive relation of the measured hydrogen ion hberation to the 



Fig 9 Hydrogen ion hberation during the oxidation of 
0 227 mmol catechol by tyrosmase m the presence of 0 227 
mmol hydroxyprohne The reaetion took place m un 
buffered solution at pH 7 0, and the ordmates represent 
the addition of standard alkah necessary to mamtam the 
pH constant dunng the reaction 


Table 2 Liberation of hydrogen ion dunng the oxida- 
tion of catechol and homocatechol by tyrosinase in the 
presence of nitrogenous bases 



H^^ 10 ns hberated/mol of 




i 

Catechol 

Homocateohol 

Molar ratio base/phenol 

1 

1 1 

10 1 ' 

f 

1 1 

10 1 

Nitrogenous base 

Prohne 

0 76 

0 96 

048 

0 81 

Hydroxyprohne 

0 91 

1 02 

0 72 

0 90 

Hydroxyprohne ethyl 

0 89 

0 96 

0 79 

0 83 

ester 

Pjrrrohdme 

0 66 

0 82 

0 47 

0 73 

Dimethylamme 

■ — ■ 

0 79 

— 

— 

Glycme 

0 62 

0 79 

— 

0 68 

Methylamme 

— 

0 63 

— 

— ” 

None 

0 18 

0 23 


amount of ammo group reaotmg depends upon the assump 
tion that the reaotmg group is fully ionized m its imtial, and 
completely umoiuzed m its final, stage Of the bases used, 
only hydroxyprohne ethyl ester (pK=c 7 6) has its basic 
group appreciably uni onized at pH 7, and m this case only , 
therefore, the experiments were earned out at pH 6 In the 
cases where pigment formation was most efficient, the 
hydrogen ion hbera'tion approached 1 eqmv /moL of 0 di 
phenol imtially present when the base/o diphenol ratio was 
10 1, but did not exceed this even when 90 % of the maximum 
was achieved at a 1 1 ratio It is clear then that only 1 mol 
of base/mol of o diphenol partibipates m the reaction The 
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smaller yields of hydrogen ion m the ease of pyrrohdino, 
glycme and methylamines correspond mth the lesser degree 
of reactivity of these compounds m pigment formation 
already pomted out in connevion vith the colour production 
curves of Fig 7 

Properties of the pigments 


1940) 'many attempts at isolation of the pigments have been 
earned out without success They are very soluble in water, 
methanol and ethanol, and are not extracted from aqueous 
solution mto any of the common solvents They ate moder 
ately stable withm a narrow range of pH between 0 and 7, 
but even at pH 7 about 45% of the colour mtensity dis 
appears from the solution m 48 hr at room temperature 
Outside this range the pigments are very unstable, and this is 
undoubtedly the mam difSoulty m attempts at isolation 
The addition of strong acid to a solution of the pigment 
formed from catechol and immo acid causes rapid and 
irreversible deoolonzation, and the kmetics of tins decom 
position have been studied Catechol (1 mg ) was oxidized 
under the conditions already desonbed, with excess of enzyme 
andexcessoftheumno acid present The pigment contaimng 
reactionmixtnre(4ml )wasthen diluted withO iM-phosphato 
buffer of pH 7 to a volume of 60 ml Samples of this solution 
(5 mL) were mixed with water and varymg amounts of 
0 I's-HCl, to give in each case a final volume of 15 ml 
Immediately after the addition of the acid the mixture was 
placed m the absorptiometer cell and readmge were taken at 
timed intervals ViTien the desired number of observations 
had been made the pH of the solution was detenmned with 
the glass electrode At pH’s of less than 3 0 the pigment was 
found to be completely deoolonzed withm 10 min The 
results are summarized m Fig 10, where the logarithm of the 
absorptiometer readmg is plotted agamst the time which had 
elapsed smee the pH of the pigment solution was changed 
from its ongmal value of 7 0 to the value specified alongside 
each curve Smee the loganthmio plots are straight hnes, the 
conversion of the pigment mto colourless products has the 
appearance of bemg a monomolecular reaction However, the 
relative rates of destruction at different pH’s mdicate that 
the disappearance of the colour follows the course of a bi 
molecular reaction m which dxjdt = fc [H+] (a - x), where a is 
the amount of pigment ongmaUy present {as measured by 
absorptiometer readmg) and x is the amount converted to 
colourless products m tune t The values of I m this expression, 
calculated from the data of Fig 10, are given m Table 3 
The acid decomposition of the pigment formed, when catechol 
was oxidized m the presence of one of the partially purified 
fractions of mushroom extract, was exammed m the same 
way Log I was found to be 2 76, which ism agreement with 
the behef that the effective substance m the fraction was 
prohne In similar expenmenta with the pigments from 
homocatechol and hydroxyprohne or hydroxjqprohne ethyl 
ester values for log I of approx 3 1 and 0 4 were respectively 
obtamed The decolonzation of the homooateohol-hydroxy 
prohne pigment, therefore, proceeds at a rate comparable 
with that of the corresponding catechol pigment, whilst m 
the case of the ester pigment, the rate is of a different order 
of magmtude, some hundreds of times slower This suggests 
that m the latter case a different mechanism is mvolved, it 
may be that the overall rate la determined by the rate of 


Smee the prehmmary report on the formation of the prohne 
id hydroxyprohne pigments was made ( J ackson A Ivendal, 


hydrolysis of tho estenfiiid carboxyl group present m this 
pigment The pigment formed with pyrrohdme gave quite 
different results Acidification ofasuflicicnt degree produced, 
in this case, an instantaneous change from purple to yellow , 
and at no pH between 1 0 and 7 0 was any further change m 
tho absorptiometer reading detectable in a period of 10 min 
The colour at pH 1 0 was a clear yellow with no trace of pink, 
and mtermcdiato tints were given as tho pH was raised until 
thefuHpurplecoIourappoarcdwhonapHof 3 Owasoxceeded 
The change was reversible and tho pigment behaved as a 
typical mdicator A rough calculation, from the absorptio- 
meter rcadmgs, of tho proportions of the two forms present 
at different pH’s suggested that the colour change was 
associated with tho ionization of a group with a dissociation 
exponent of about 2 1, whether tho pigment had been 
prepared from catechol or from liomocatcchol 



Fig 10 Decolonzation of pigments m acid solution The 
loganthm of the absorptiometer readmg is plotted agamst 
the time which had elapsed smee the pH of the pigment 
solution was changed from its uutial value of 7 0 to the 
value specified alongside each curve Tho pigments w ere 
formed from • — •, catechol + hydroxyprohne , and 
O — O, catechol + prohne 


Table 3 Velocity constants of the pigment 
decolonzation reaction 


Prohne pigment 

A 

Hydroxyprohne pigment 

A 

f 

\ 

pH 


pH 

loglL 

logk 

2 86 

2 69 

2 27 

219 

3 21 

2 76 

2 86 

2 33 

444 

2 67 

3 16 

2 36 

— 

— 

3 49 

2 39 

— 

— 

4 12 

2 18 

rm. . 1 

Mean 2 71 


Mean 2 29 


The decomposition of the prohne and hydroxyprohne 
pigments m acid solution is accompanied by the evolution of 
CO, This was demonstrated m experiments m the Warburg 
apparatus 0, uptake dunng pigment formation was deter- 
mined m the manner already desonbed A second manometer 
with the same reaction mixture had no KOH m its inset cup, 
and withm the vessel was a dangler contaimng 0 2 ml of 
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2k HCl, wlucli was tipped mto the reaction mixture after 
the Oj uptake aocompanymg pigment formation was com- 
plete Prom the resultant increase m pressure the volume of 
CO2 hberated was calculated m the usual way, due allowance 
bemg made for the small initial COj content of the reaction 
mixture which was determmed m blank experiments A few 
similar experiments were earned out m which pyrrohdme, 
glyome or alamne was used mstead of the irmno acid In 
some of these the NH, content of the reaction mixture at the 
end of the acid treatment was detenmned, the reaction 
mixture bemg made alkahne, the NH* drawn over m an air 
stream mto standard acid and estimated by back titration 
The results of a number of such experiments are given m 
Table 4 It is evident from the table that the COj hberation 
on acidification of the immo acid pigments approaches 
1 mol /mol of catechol used for pigment formation Smee 
this IB not observed m the case of the pyrrohdme pigment 
(where the small figure obtamed is not with certamty outside 
the hnuts of experimental error) it is probable that the CO* 
liberation is the result of mstabdity of the carboxyl group m 
the pigment m acid solution In the experiments with the 
glyome and alamne pigments COj hberation on acidification 
lagged markedly behmd Oj uptake at the moment of acidifi- 
cation This may be merely a reflexion of the failure of the 
approach to quantitative formation of pigment from catechol 
m the case of these ammo acids 

Table 4 Oxygen uptake during pigment production, 
CO j formation on acidification of pigment solutions, 
and ammonia content of reaction mixtures after this 
treatment 

(Pigment was formed from 4 66 pmoL catechol m each case 
In Exps 1-4, 22 7 pmol mtrogenous base were present, and 
the reaction mixture was acidified after O2 absorption had 
ceased In Exps 6-8, 91 pmoL mtrogenous base were 
present, and the reaction mixtures were acidified at the times 
mdicated Zero tune was the moment of addition of enzyme 


The figures given are mol /mol of catechol ) 
Exp Time 


no 

Nitrogenous base 

(mm ) 

0 . 

COj 

NHg 

1 

Prohne 

— 

0 99 

0 92 

— 

2 

Hydroxyprohne 

— 

1 01 

0 75 

— 

3 

Mushroom fraction 

— 

1 01 

0 92 

— 

4 

Pyrrohdme 

— 

1 01 

0 09 

— 

6 

Glycme 

17 

1 10 

0 20 

0 61 


ff 

211 

3 23 

0 97 

2 99 

6 

Glycme 

10 

0 99 

0 16 

0 20 


>» 

70 

2 12 

0 53 

1 86 


ff 

200 

3 23 

0 83 

3 26 

7 

Alamne 

10 

0 88 

064 

000 


9) 

140 

1 06 

0 77 

0 26 


9 9 

220 

1 21 

0 83 

0 51 

8 

Prohne 

210 

1 01 

0 95 

000 


The amounts of NH3 hberated from the reaction mixtures 
were m most cases so small as to be withm the hmits of 
experimental error of estimation Only m the later stages of 
the reaction with glycme can NHg hheration he claimed to 
have been with certamty demonstrated to occur on a scale 
too great to bo accounted for as possibly the result of destruc- 
tion of the pigment itself by the acid or alkah treatment It 
IS concluded that this NHg was set free m the reaction prior to 
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the acidification, the amount of it appears to have been 
about 1 mol /mol of oxygen absorbed The probable nature 
of the reactions involved wdl be referred to m the discussion 

SYNTHESIS OF PIGIVIENT 

In viexv of the difficulties met xvith m attempts to 
isolate the pigments, beheved to be due to the in 
stabihty of the pigments m aqueous solution, some 
attention was given to the possibihty of preparmg 
such pigments by ordmary chemical methods m non 
aqueous media A erj^taUme pigment was obtamed 
from homocatechol and hydroxyprolme ethyl ester 
m the foUowmg way 

Homocatechol (0 31 g ) and hydroxyprohne ethyl ester 
hydrochloride (0 46 g ) were dissolved m dry ethanol (26 ml ) 
with gentle wamung to facditate solution of the hydro 
ohlonde The addition of dned NagSOj (3 6 g ) followed by 
dry, alkah free AgjO (1 6 g ) resulted m the development of 
the expected purple red colour The mixture was shaken for 
10-16 min AgjO, Ag and Na2S04 were removed by filtration 
and the filtrate cooled in ether sohd COj Scratchmg pro 
moted the separation of mmute rosettes of needles After 
coohng (1 hr ) the crystals were filtered off and washed with 
hght petroleum (b p 40-60°) until the washmgs were 
colourless, and then dned \n vacuo Recrystalhzation from 
absolute ethanol ether gave 130 mg of purphsh black 
ghstemng crystals, m p 126-126° Pound C, 60 2, H, 6 3, 
N, 6 0 C^HijOjN requires C, 69 8, H, 6 4, N, 5 0% The 
product IS therefore taken to be 4 (4' hydroxy 2'-carbethoxy 
1' pyrroltdyl) 6 methyl o-iemogutnone with the structure I 
It will be referred to m this paper as ‘the qumone I’ 



COOEt 

I 


TJsmg catechol instead of homocatechol, or free 
hydroxyprohne or prohne instead of the ethyl ester, 
pigments are readily formed under these conditions, 
but it has not so far proved possible to isolate them 
m a pure state It appears that the presence m the 
pigment molecule of either the free carboxyl or an 
unsubstituted position para to the qumonoid oxygen 
confers upon it an extra degree of instabihty which 
renders its isolation more difficult 

Aqueous solutions of the crystalhne pigment 
resemble very closely m colour those of the enzyrm- 
cally produced irmn o acid pigments, as may be seen 
on comparmg the appropriate curves m Fig 8 They 
are all decolorized by asporbic acid, and m each case 
the leuco form of the pigment is spontaneously re- 
oxidized on sha kin g with air (e g after removal of 
enzyme by adsorption on alumma) A stnkmg 
projierty of the unino acid pigments formed m the 
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enzyme reaction is that they are able to effect a non- 
enzjTnio ojndation of glycme by atmospheric oxygen, 
and this property is also shared by the qumone I 
These facts strongly suggest that aU these pigments 
have essentially the same structure 

DISCUSSION 

The quantitative observationswlnchhavebeenmade 
on oxygen uptake and hydrogen-ion hberation ac- 
companymg pigment formation, on the relationship 
between mtensity of colour developed and iinmo 
acid concentration, and on CO 2 liberation durmg 
acid decomposition of the pigment, suggest that the 
sequence of reactions mvolved may be represented 
as follows 


cresol by peroxidase Evidence for the accumulation 
of 0 -qumone durmg the early stages of the oxidation 
of catechol by tsuosmase has been provided by 
Dawson & Nelson (1938), and the reactions which 
brmg about the disappearauce of 0 qumone are 
relatively slow compared with primary oxidation of 
catechol or homocatechol 

In the presence of primary or secondary ammes 
the effectiveness of pigment formation must depend 
m the first place on the relative speeds of the reaction 
of o-qumone with amme, and the reactions by which 
the 0 qumone is removed m the absence of amme 
The condensation (reaction 2) under the conditions 
of our experiments appears to have be^n sufficiently 
rapid in the cases of prolme, hydrox 5 q)rohne, and 
hydroxyprohne ethyl ester for pigment formation 



When = H (catechol) the sequence is the same as 
when B = CHg (homocatechol), although the speed of 
the actual pigment-formmg reaction (2) is greater 
Of these reactions (1) is now generally accepted as 
the first step m the oxidation of catechol by tyro- 
sinase In the absence of other substances, the o- 
qumone formed takes part m further reactions which 
are associated with the uptake of about 1 atom of 
oxygen per mol In the behef that this further uptake 
IS precisely 1 atom/mol , Wagreich & Nelson (1938) 
have suggested that the product is a hydroxy o- 
qumone which thenpolymerizes to give the brownish- 
black end product We have frequently observed a 
total Oj absorption of up to 2 3 atoms/mol catechol, 
and it seems likely that the end stages are more 
complicated and that they may mvolve, perhaps m 
addition to hydroxyqmnone formation, some degree 
of condensation of the type shown by Westerfield & 
Lowe (1942) to occur durmg the oxidation of p- 


from catechol to have exceeded 90 %, from homo- 
catechol 80%, of the theoretical requirement 
accordmg to the reaction scheme proposed This 
conclusion is based on the hydrogeu-ion hberation 
durmg the reactions The reaction with pyrrohdme, 
glycme and the methyl ammes was much slower and 
a greater fraction of the o diphenol present was pre- 
sumably converted mto the same end products as 
are obtamed m the absence of mtrogenous base 
It IS well established that when catechol is 
oxidized by tyrosmase m the presence of amhne, 
dianihnoqumone is formed almost quantitatively 
(Pugh & Raper, 1 927) It is not clear why m the case 
of the unmo acids, reaction (2), analogous to the first 
stage of diamlmoqumone formation, having taken 
place, the qumone derived from the product by 
reaction (3) does not then condense with a second 
molecule of nnmo acid No study of the products of 
the reaction between qumone and free ahphatic 
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ammo-acids appears to have been made Fischer & 
Schrader (1910), aUowmg glycme ethyl ester to react 
vnth p-benzoquinone m ethanol, isolated the product 
and showed it to be the diethyl ester of diglycmo- 
qumone These workers prepared m the same way 
the ester of dialanmoqumone, and from p-tolu- 
qumone the ester of diglycmotoluqmnone The 
formation of the dtglycmo compound from tolu- 
qumone m this case is mterestmg, particularly m 
view of Suchanek’s (1914) findin g that whereas p~ 
benzoqumone with p armnobenzoic acid gave a 
mixture of mono- and di anihnoqumones, from 
toluqumone under the same conditions only the 
monoamhnoqinnone was formed, wliile xyloqumone 
gave no amhnoqumone Studies of this kmd do not 
seem to have been made with o-benzoqumone, but 
from a reaction mixture m winch p-cresol had been 
oxidized by tyrosmase m the presence of anihne 
Pugh & Raper (1927) isolated a dianihnoqumone- 
anil The conditions under which condensations of 
the amhnoqumone and qumone-anil types take 
place do not yet appear to be very well defined But 
as regards the former type of condensation the 
available evidence suggests that it takes place with 
a strong preference m a position para to a qmnonoid 
oxygen m an o qmnone, and ortho to a qmnonoid 
oxygen m p qmnone, without ruhng out the possi- 
bihty of a further condensation m a position not so 
situated In the formation of the crystaUme pig- 
ment prepared synthetically from homocatechol and 
hydroxyprohne ethyl ester m the present senes of 
experiments, the condensation was undoubtedly 
limited to 1 mol of base per mol homocatecliol 
There is no reason to question the identity of this 
pigment with the pigment formed from the same 
precursors enzymicaUy and both resemble so closely 
the pigments formed from catechol and the secondary 
amin es m both properties and manner of formation, 
that it IS certam that they all have the same general 
structme In the case where catechol is the substrate, 
it seems possible that stenc hmdrance by the prohne 
residue may be responsible for the prevention of the 
condensation of a second molecule of imino acid m 
the unoccupied position para to qmnonoid oxygen 
The reaction of o -qmnone with glycme appears to 
take place less rapidly than the correspondmg 
reaction with imino acid, and the observations on 
pigment formation m the catechol-tyrosinase- 
glycme system do not mdicate clearly the molar 
ratio of catechol and glycme reactmg to form the 
pigment It is likely that the chief reaction of glycme 
with o-qmnone m aqueous solution is the same as m 
the case of the unmo acids so that a monoglycmo- 
qumone is formed 

A suggestion that the enzyme tyrosmase was able 
to brmg about the oxidative deammation of ammo- 
acids was put forward by Chodat & Schweizer (1913) 
and received some support from other workers 
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Happold & Raper (1925), however, made it clear that 
well dialyzed tyrosmase preparations had no effect 
on ammo acids other than tyrosme itself, but demon 
strated liberation of ammoma from glycme and 
alanme by tyrosmase plus p-cresol, catechol or 
phenol They attributed the oxidation of ammo 
acid to a secondary reaction of this with 0 qmnone 
formed by the enzyme, and showed that 0 qmnone 
reacted non enzymicaUy with ammo acids and 
liberated ammonia The fact that the reaction 
mixtures were ‘ deeply pigmented ’ was mentioned, 
but without comment The observations recorded m 
this paper now mdicate that o qmnone condenses 
with 1 mol of ammo- or immo acid to give a leuco 
pigment which is readily autoxidizable m air 
IVhether water or hydrogen peroxide is the other 
end product of tins autoxidation has not yet been 
determmed In the case of the immo acid pigments 
no further reaction takes place even if an excess of 
tho immo acid is present "WTien the pigment is 
formed from glycme, and to a lesser extent when it 
IS formed from other ammo acids, excess ammo 
acid IS oxidized with hberation of ammoma The 
relation between oxygen used and ammoma hber 
ated m experiments of this kmd with glycme (Table 4) 
are such as would be expected if the mam end 
products of the oxidation of glycme were ammoma 
and oxahc acid Experimentsnowmprogress, which 
wiU be described m detail m another paper, mdicate 
that the immo acid pigment reacts with and brings 
about the oxidation of glycme, and that no enzyme 
18 required for this reaction It therefore appears 
probable that the effective oxidant of excess ammo- 
acid IS a pigment with a structure correspondmg to 
that of the synthetic qmnone I This may react with 
further ammo acid, dehydrogenatmg it to give 
immo acid which then decomposes with hberation 
of ammoma The leuco pigment simultaneously 
formed is spontaneously re oxidized by oxygen But 
the possibUity that an mtermediate stage m the 
dehydrogenation is a condensation of a second 
molecule of ammo-acid mto the pigment molecule 
should be borne m mmd 

An mterestmg problem arises m connexion with the 
decomposition of the prohne and hydroxyprohne 
pigments m acid solution This decomposition has 
been found to be irreversible and to be accompamed 
by the loss of 1 mol of carbon dioxide Simple de- 
carboxylation of the prohne pigment should, how- 
ever, yield the correspondmg pyrrohdme pigment 
However, the latter when prepared m solution 
directly from catechol and pyrrohdme was found to 
be reasonably stable, though yellow m colour, m 
acid solution, givmg the purple form reversibly on 
raismg the pH, and hence was clearly not identical 
with the decomposition product of the prolme pig- 
ment It IS not at present possible to offer an 
adequate solution of this problem 
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nitrogen, gave a much less mtense 
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SUMMARY 

> 

1 Tlie component of crude musliroom extracts 
which IS responsible for the appearance of a purple 
colour when such extracts oxidize catechol has been 
identified by isolation of n-prohne 

2 The pigment-forrmng reaction has been studied 
m respect of colour mtensity developed, oxygen 
absorbed and hydrogen ion liberated, m systems 
contaimng purified tyrosmase, catechol or homo 
catechol, and one of the following prolme, hydroxy- 
prohne, hydroxyprolme ethyl ester, pjrrrolidme, 
glycme, dunethylamme and methylamme A few 
experiments were also earned out with alamne, 
glutamic acid and argmme The same mtense purple 
colour was obteaned m each case m winch the 
mtrogenouB substance present had a secondary 
ammo group, the compounds with primary ammo 


colour 

3 From homojiatechol and hydroxyprolme ethyl 
ester, by oxidation with silver oxide m ethanol, 4- 
{ 4 '-hydroxy- 2 '-carbethoxy-l'-pyrrohdyl) 6 methyl- 
o-benzoqumone has been prepared m a pure state It 
appears to be identical with the pigment formed from 
the same precursors m the enzymic reaction imx- 
ture, and it is concluded that all the pigments have 
an analogous structure, and that the pigment- 
formmg reaction is essentially a condensation be 
tween 1 mol of o-qtimone and 1 mol of mtrogenous 
base to give a leiico pigment which is spontaneously 
oxidized to the coloured form by exj^gen 

4 In the case of glycme, when this is present m 
excess, the formation of pigment is followed by 
oxidation of the excess ammo acid, with liberation 
of ammoma Further oxidation of this type does not 
take place m the case of the immo acid pigments 
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jS- Glucuronidase as an Index of Growth in the Uterus and other Organs 

t 
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The /3-glucuromdase activity of mouse hver or kidney 
has been shown to be related to the degree of cell 
proliferation m progress (Lewy, Kerr & Campbell, 
1948) It was suggested that the nse m uterme 
glucuromdase observed after administration of 
oestrogens to ovanectomized imee (Fishman & 
Fishman, 1944, Fishman, 1947) could also be 
explamed by cell proliferation 

A comparative study has been made of the 
kmetics of hydrolysis of phenylgluouromde by 
^-glucuromdase from mouse uterus, hver and 
kidney, and of the effects on the enzyme activities 
of various measures designed to produce prohfera- 
ti\ e changes m one or more of these organs Mills 
(1947) showed that ox spleen glucuromdase could be 


separated into two fractions, A and B, with shghtly 
different pH optima for the hydrolysis of menthyl- 
glucuromde Both these fractions have been found 
m mouse hver and kidney, while uterme glucurom- 
dase appears to be composed entirely of A. No 
evidence has, however, been obtamed to suggest 
that tlie effect of an extrmsic agent on the glucurom- 
dase activity of an organ is dependent upon which 
fraction happens to be present As m hver and kidney, 
changes m the enzyme level m uterus resultmg from 
a variety of causes appear to be associated with 
alterations m growth 

In the course of these experiments, some un- 
expected changes m glucuromdase activity were 
encountered In ovanectomized mice, measures 
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designed to cause a rise m glucuronidase m liver also 
produced an increase in uterus, whilst an elevated 
enzyme activity m hver as well as m uterus was seen 
after administration of oestrone Tliese effects have 
been further mvestigated 

A preliminary account of part of this work has 
been published elsewhere (Kerr & Lewy, 1948) 

EXPERIMENTAL 

Enzyme assay To permit determmation of p glucuromdaao 
activity m a smgle mouse uterus, the procedure prewousl}'- 
descnbe^ (Kerr, Graham & Lewy, 1948) was adapted for use 
with the microoells of the Spekker absorptiomoter As before, 
the tissue homogenate was freed from maotive protem by 
mainta inin g it at pH 6 2 and 38° for 30 mm , and the enz3Tne 
•was precipitated by addition of an equal volume of saturated 
(NH^)jSOi solution The enzyme -was dissolved in a volume 
of ■water such that 0 2 ml of the resultmg solution gave a final 
reading of 2-4 pg phenol after correction for blanks This 
volume of the enzyme solution was added to 0 1 luL 0 06 m- 
phenylgluouromde and 0 1 ml 01 m citrate buffer at the 
appropriate pH (see below) After mcubation of the hydrolysis 
mixture for 1 hr at 38°, 06ml ofalmS dilution of Fohn 
Ciocalteu reagent was added Protein was removed b} 
centnfugmg, and 0 6 ml of supernatant transferred to a tube 
contammg 0 6 ml 1 33 N NajCOs Colour development was 
earned out for 20 mm at 38°, and the results were read frxim 
a graph constructed ■with standard phenol solutions put 
through the same procedure Assays were done m duphoate, 
and enzyme and substrate controls were performed as usual 
This technique was also adopted for detenmnations of hver 
and kidney glucuromdase m the experiments desenbed 
below, and results are shown m terms of glucuromdase irnits 
(g tr )/g moist tissue, where 1 o u hberates 1 fig phenol 
under the standard conditions 

Weight of uterus Before deter minin g the moist weight of 
uterus, the tissue was freed fiem mtrautenne flmd by 
pressmg it between pieces of filter paper The figure then 
obtamed was found -to bear a constant relation to the weight 
after diymg at 110° for aU conditions of the uterus No error 
was mtrodneed mto the enzyme assay smee the mtrauterme 
flmd contamed no detectable amounts of glucuromdase 

RESULTS 

Kinetic studies The pH-acti^vity curve for 
hydrolysis of phenylgluouronide by mouse -kidiiey 
glucuromdase resembled those pre^viously obtamed 
for h^ver and spleen (Kerr et al 1948) m havmg two 
peaks, one at pH 4 5 and the other at pH 6 2 In the 
case of uterus, however, the acti^vity curve was 
symmetrical about pH 4 6, and tliis was still true 
when the imtial purification of the homogenate was 
ormtted Changes m the enzyme aoti^vity m hver, 
kidney or uterus were not associated ■with any 
alteration m the shape of the pH-acti^vity curve 
(Figs 1—3) To cover the pH range it ■was necessary 
in the case of uterus to pool preparations from two or 
more mice For hver and kidney this was only 
necessarj ■with infant mice The high figure for 


uterme glucuromdase m infant mice supports the 
■view that m this organ, as m others, the actmty of 
the enzyme is a measure of gro'wth processes 



Fig 1 pH- Activity ourvea for hver glucuTbrndase I, 6 day 
old rmce, H, adult, 1 day after subcutaneous mjeotion of 
6 g CCl^/kg , HI, normal adult, IV, the same preparation 
as m after separation of fractions A and B 

It was considered that the shapes of the cum^es for 
the hydrolysis of phenylglucuromde by mouse hver 
or kidney mdicated the presence of the two gluourom 
dase fractions foimd by hliUs (1947) m ox spleen, and 
hiH techmque was apphed to their separation After 
tho pre limin ary removal of mactive protem by 
mcubation for 30 min at pH 6 2, the homogenate 
was made 31 6% saturated ■with ammomum sul- 
phate The precipitate thus obtamed ■was devoid of 
glucuromdase acti^vity On brmgmg the preparation 
to 38 6 % saturation ■with ammomum sulphate, a 
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large part of the enzjrme was precipitated ( fraction^ ), 
wliilBt all residual aotmty was removed from solution 
when the ammomum sulphate concentration was 
mcreased to 44 0% saturation (fraction B) The 
separation of tlie two peaks m the pH-aotmty curves 
for hver and kidney aclueved m tliis way is illustrated 
m Figs 1 and 2, and it appears that the shapes of the 
origmal curves can m fact he explamed m terms of 
Mills’s (1947) two fractions In the fractionation of 
uterme preparations, all enzyme activity was found 
m fraction A 


m 

pH activity curves for mouse hver, kidney and 
spleen 

The affects of various agents on fractions A and B 
in liver and kidney 

The possibihty was considered that differences 
between glucuromdase fractions A and B m their 
distribution and response to extrmsio agents might 
eicplam the selective actions of such agents on 
various organs The nature of the effect of carbon 


P-GLUCUBONTDASE IN UTERUS AND OTHER ORGANS 



Pig 2 pH Activity curves for kidney glucuronidase 
I, 6 day old mice, H, normal adult, HI, the same prepara 
tion as n after separation of fractions A and B 

The effect of varymg the substrate concentration 
was studied with uterme enzyme and with fractions 
A and B from hver In every case the activity curve 
closely resembled that obtemed with hver before 
separation of the two fractions (Kerr et al 1948) 

, the substrate concentration at which half the 
observ'^ed maximum velocity of hydrolysis was 
attamed, was approximately the same for the two 
glucuromdase fractions at the figure for the total 
enzyme m hver (0 0036 m) 

Mills (194S) has recently published figures for the 
pH optmia m the hydrolysis of phenylglucuromde 
bj Ins two glucuromdase fractions from ox spleen, 
and these correspond exactly with the peaks m the 


Fig 3 pH Activity curves for uterme glucuromdase 
1, 10 day old nuce, IT, ovaneotomized adults, 3 days after 
subcutaneous mjeotion of 1 7 mg oestrone/bg , HI, 
normal adults, IV, ovaneotonuzed adults 

tetrachloride on the pH-activity curve for hver 
(Fig I) renders this possibfiity unlikely, smee both 
fractions were equally affected m the mcrease m 
activity Carbon tetrachloride is known to be 
without effect on kidney glucuromdase (Lewy et al 
1948), although this organ resembles liver m the 
composition of the enzyme In spite of these findmgs 
a great many more experiments were done before the 
possibihty just outhned was rejected In these 
experiments, the homogenate from each organ was 
dinded mto two portions, m one of winch A and B 
were separated as described above and determmed 
at their respective pH optima, 4 5 and 6 2 The other 
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portion of the homogenate was brought to 60% 
saturation with ammomiun sulphate and the total 
enzyme thus precipitated was determmed at pH 6 2 
Average results for hver and kidney imder a variety 
of conditions are shown m Table 1 Smce A was deter- 
mmed at a different pH from the total activity, 
figures for the latter do not agree with the sums of the 
two fractions One pomt not brought out m the table is 
that mdividual mice, treated and imtreated, showed 
considerable variation m both hver and kidney m 
the ratio of the two fractions Very occasionally, 
one animal m a group displayed complete lack of 
A or jB m one of the two organs exammed, imac- 
compamed by £my compensatory mcrease m the 
activity of the remammg fraction Wlien this 
occurred, the size of the group was reduced by one m 
calculatmg the average and standard error for the 
fraction m question, as shown m Table 1 
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cutaneous mjection of carbon tetrachloride m ohve 
oil were m entire agreement with the conclusions 
arrived at above, m that this agent showed no dis 
crimination between the two fractions m hver, and 
was without effect on either kidney After sub 
cutaneous mjeotion of mercuric mtrate as an aqueous 
solution, A and B rose and fell together m kidney as 
repair processes became active and were completed 
Smce mercuric mtrate has httle effect on hver (see 
Table 3), its action on this organ was not studied m 
the present experiments 

Changes m hver glucuromdase after subcutaneous 
mjection of chloroform m ohve oil closely resembled, 
as one might expect from previous work, those 
produced by carbon tetrachloride Takmg the results 
as a whole, there was a suggestion that fraction A 
returned to normal more rapidly than B Before 
dealmg with the effects of chloroform on kidney 


Table 1 Effects of various agents on glucuronidase fi actions A and B in liver and kidney 
(AH values are given as mean ±s E , followed (m parentheses) by the number of ammals in the group ) 


ovjg moist tissue 




Days 

after 

treat 



Liver 

A 





Kidney 

A 




t 




\ 


f 



Agent 

Sex* 

ment 

At 


Bt 


TotalJ 

A4 

Bt 

Total| 

None 

M 

— 

106±17 

(6) 

223 ±12 

(6) 

281±20 

(6) 

124±16 (6) 

123±38 (6) 

266±31 (0) 


F 

— 

115±12 

(6) 

247 ±38 

(6) 

334±48 

(6) 

109 ±8 (6) 

118±16 (6) 

266 ±39 (6) 


oM 

— 

127±13 

(6) 

2I7±18 

(6) 

301 ±18 

(6) 

130±22 (6) 

194±18 (6) 

286 ±20 (6) 


cF 

— 

116±12 

(6) 

167±47 

(6) 

250±49 

(6) 

113±10 (0) 

130±22 (6) 

261 ±43 (6) 

Carbon tetra 

M 

1 

646 ±18 

( 3 ) 

664 ±40 

(2)§ 

830 ±62 

( 3 ) 

122±27 (3) 

160±61 (3) 

206±28 (3) 

ohlonde 

M 

4 

364 ±58 

( 3 ) 

637 ±27 

( 3 ) 

763 ±05 

( 3 ) 

118±19 (3) 

138±18 (3) 

257 ±19 (3) 

(6 3 g /kg ) 

cF 

4 

499 ±109 (3) 

688 ±24 

( 3 ) 

664 ±67 

( 3 ) 

126±14 (3) 

168±6 (3) 

236 ±23 (3) 


cF 

7 

617 ±27 

( 3 ) 

668 ±35 

( 3 ) 

693 ±31 

( 3 ) 

127 ±14 (3) 

186±70 (3) 

270 ±42 (3) 

Mercuric mtrate 

M 

3 










269 ±36 (3) 

319±56 (3) 

463 ±69 (3) 

(20 mg /kg ) 

M 

6 

— 


— 


— 


122±14 (3) 

168±16(2)§ 277±19(3) 


F 

3 

. — . 





— 


224 ±24 (3) 

361 ±46 (3) 

491 ±62 (3) 


F 

6 

— 


— 


— 


122 ±10 (3) 

124±26 (3) 

237±61 (3) 

Chloroform 

M 

1 

343 ±188 (6) 

706 ±147 (6) 

881 ±163 (6) 

134±19 (6) 

121 ±17 (6) 

206±19 (6) 

(2 g /kg ) 

M. 

4 

260 ±42 

(3) 

661 ±44 

( 3 ) 

766 ±46 

(3) 

128±18 (3) 

234±22 (3) 

302±12 (3) 


M 

7 

184±29 

(6) 

669 ±38 

(6) 

660 ±72 

(6) 

132±29 (6) 

395 ±64 (6) 

624±38 (6) 


F 

1 

637 ±64 

(6) 

410 ±194 (6) 

812±91 

(6) 

173 ±10 (6) 

136±9 (6) 

227 ±23 (6) 


F 

4 

271 ±46 

(3) 

670±62 

(3) 

696±61 13) 

126 ±19 (3) 

148±36 (3) 

238±27 (3) 


F 

7 

161±42 

(6) 

669 ±106 (6) 

705 ±64 

(6) 

108±16 (6) 

223 ±78 (6) 

310±66 (6) 


cM 

1 

463 ±39 

(3) 

637±26 

( 3 ) 

669±174 (3) 

119±12 (3) 

141 ±17 (3) 

221 ±38 (3) 


cM 

7 

162±20 

(3) 

649 ±42 

(3) 

673 ±32 

(3) 

132±20 (3) 

124 ±22 (3) 

238 ±30 (3) 


cF 

1 

277 ±22 

(2)S 694±32 

( 2 )§ 

616±23 

(3) 

187±21 (6) 

266±29 (6) 

398 ±67 (0) 


cF 

4 

224 ±26 

(3) 

610±20 

(3) 

620 ±26 

(3) 

189±16 (3) 

247 ±18 (3) 

362±24 (3) 


cF 

7 

369 ±130 (6) 

669±39 

(6) 

667 ±78 

(6) 

176±32 (7) 

260 ±69 (7) 

369±67 (7) 


* 0 = castrated 

t One G u (glucuromdase umt) liberates 1 /ig phenol from 0 016 m phenylglucuromde m 1 hr at 38° and pH 4 6 
J One G u (glucuromdase umt) liberates 1 fig phenol from 0 016m phenylglucuromde m 1 hr at 38° and pH 6 2 
§ One amm^ m group devoid of this fraction 


From Table 1, it appears that m either hver or 
kidney the distribution of glucuromdase activity 
between the two fractions was on the average the 
same for normal male and female mice Castration 
3—4 weeks before sacrifice had no marked effect on 
^ the results m either sex 

Results obtamed durmg the prolonged rise m 
hver glucuromdase activity which follows sub- 


glucuromdase, it is necessary to consider the influence 
of sex on the susceptibflity of the mouse kidney to 
chloroform necrosis Eschenbrenner (1944) found 
that chloroform causedrenal necrosis m male, but not 
m female mice, and it was shown later (Bsohen- 
brenner & Miller, 1 945) that the effect m males was 
prevented by castration at an early age The sex- 
hnked nature of this response was associated -with 
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differences m the structure of Bo-wman’s capsule 
described by Crabtree (1941), but clilorofonn 
necrosis, which involved the convoluted tubules, 
did not extend to the capsule itself In previous 
work on glucuronidase (Lewy et al 1948), the effect 
of chloroform on the kidney -enz 5 une level m normal 
mice was seen to be confined to males From the 
figures for total kidney glucuromdase m Table 1, it 
appears that the response m the male was abolished 
by castration 3 weeks previously, although this 
operation was not performed untd the animals were 
adult There was no necrosis, and Bowman’s capsule 
had become predommantly female m character In 
ovanectomized females, chloroform caused a small, 
but significant rise m the kidney enzyme, associated 
with necrosis and repair (for results one day after 
mjection, P = 0 02 , groupmg results for all three tune 
mtervals, P< 0 01) Extendmg the period between 
ovariectomy and mjection of chloroform fi'om 3 to 
13 weeks did not appreciably affect this response, but 
m the mterval a change towards the male type of 
kidney became much more pronounced As already 
noted, figures for unmjected imce showed no 
variations m A. or P, corresponding to the changes 
m kidney morphology The fact that m the male 
kidney the nse m glucuromdase appeared to be 
confined to fraction B may reflect an uneven distri- 
bution of the two fictions throughout this organ, 
with predommance of P m the convoluted tubules 
In a histochemical study, Fnedenwald & Becker 
(1948) found greater glucuromdase activity m rat- 
kidney tubules than m the glomeruh, when hydrolysis 
of smtable glucuromdes m unfixed, fi:ozen sections 
was allowed to proceed at pH 6 

The effects of sex hormones on liver and uterine 
glucuronidase 

Fishman (1947) has examined the effects of testosterone 
propionate and oestradiol henzoate, separately and m oombi 
nation, on uterme gluouromdase m ovanectomized mice In 
the doses used, testosterone did not antagonize the action of 
the oestrogen m cansmg a nse m the enzyme level, and 
Fishman mterpreted this as mdicating ‘a nmqne type of 
specificity of action hy the oestrogen’ His results, however, 
show that administration of the androgen along with the 
oestrogen did not entirely prevent an morease m the wet 
weight of the uterus By itself, testosterone produced a nse 
m glucuromdase activity and an mcrease m weight Fish 
man’s results seem entirely compatible with the view that an 
mcrease m glucuromdase activity m uterus, as elsewhere, 
reflects mcreased growth, and that his failure to observe 
antagonism between oestrogen and androgen resulted from 
use of too great an excess of the latter Figures for uterus 
shown m Table 2 bear out this argument 

Oestrone and testosterone were given as smgle 
subcutaneous mjections of the solutions m ohve od, 
alone or witlun 3 hr of each other Four days after 
mjection of ovanectomized mice with 1 7 mg 


oestrone/kg , uterme glucuromdase activity and 
weight were much greater than m untreated controls 
The effects of 0 3 mg oestrone/kg and 3 3 mg testo- 
sterone/kg were alike m that there was a compara- 
tively small nse m uterme weight, with a barely 
perceptible mcrease m the enzyme activity (P = 0 1 
and 0 02 respectively at the maximum activity) In 
a smaller dose (2 mg /kg ), testosterone had no action 
on the uterus, but this dose completely antagomzed 
the effects of the larger dose of oestrone on the 
enzyme and the weight 

In the experiments with oestrone and testo- 
sterone, glucuromdase was determmed m hver and 
kidney as weU as m uterus In ovanectomized mice 
a marked rise m hver glucuromdase, precedmg that 
m uterus, was observed after mjection of oestrone m 
a dose of 1 7 mg /kg (Table 2) Tins effect was also 
seen m normal and castrate males, but was absent m 
mtact females, even after 4 3 rdg oestrone/kg Re- 
ducmg the dose of oestrone to 0 3 mg /kg abohshed 
the action on hver m ovanectomized imce Histo- 
logical exammation revealed mtense mitotic acti- 
vity, with httle evidence of damage m the hvers of 
oestrone treated castrate males and females In 
normal males, the effect on mitosis was shght, but 
there was a marked mcrease m bmucleate cells 
Testosterone, itself without any action on the hver, 
antagomzed the stimulant effect of oestrone on the 
enzyme and on ceU division BuUough (1946) has 
studied the effects of oestrone on mitotic activity 
throughout the body of the adult female mouse, and 
concluded ‘ that those substances which have come 
to be called oestrogemc or female sex hormones are 
m fact general mitosis stimulators’ Oestrone pro- 
duced no effect on hver m his experiments, which 
were, however, confined to the normal female 

Fractionation of the glucuromdase preparations 
was earned out m many of the experiments listed m 
Table 2 Fractions A and P were both mvolved m 
the hver response to oestrone, while aU uterme 
activity was mvanably found m fi’action A 

The effects of liver regeneration on uterine 
enzyme and weight 

Admi ni stration of carhon tetraohlonde to rats has been 
shown to produce an morease m the weight of the uterus m 
immature animals (Talbot, 1939), and to enhance the 
effectiveness of admmistered oestrone m ovanectomized 
ammalB (Pmous & Martm, 1940) Partial hepateotomy 
causes a aumlar morease m the potency of admmistered 
oestrogen (Segaloff, 1946) From the work of Roberts & 
Szego (1947) it appears that mcreased sensitivity to oestro- 
gens occurs durmg active hver regeneration rather than m 
the mitial stages of mjury In all these studies the ammals 
were treated with an oestrogen or alternatively the ovanes 
were still present 

It was, therefore, with surprise that mcreases m 
the ^-glucuromdase activity and the weight of 
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Table 2 Effects of oestronc and testosterone on hver, kidney and uterine glucuronidase 
(AH values are given as mean ±s e , followed (m parentheses) by the number of animals m the group ) 

Total o u /g tissue 


Treatment 

Sex* 

Days after 
treatment 

( 

Liver| 

A 

KidneyJ 

Uterusf 

Uterme weight 
(mg) 

None 

F 

— 

334±48 (6) 

260 ±39 (0) 

333±63 (6) 

234 ±56 (0) 


cF 

— 

260±49 (C) 

261 ±43 (6) 

174±45 (6) 

34±18 (6) 


M 

— 

281 ±20 (0) 

2G6±31 (6) 

— 




cM 

— 

301 ±18 (6) 

286 ±20 (6) 

— 

— 

Oestrone (4 3 mg /kg ) 

F 

1 

258±39 (3) 

370±33 (3) 

463±41 (3) 

167±66 (3) 


F 

4 

244±32 (3) 

367±44 (3) 

439 ±03 (3) 

192 ±76 (3) 

Oestrone (1 7 mg [kg ) 

F 

1 

3G6±60 (3) 

223 ±47 (3) 

388 ±45 (3) 

320±24 (3) 


F 

4 

2G7±26 (3) 

253±41 (3) 

441 ±87 (3) 

263±31 (3) 


cF 

1 

431 ±42 (3) 

313±17 (3) 

300±54 (3) 

26±6 (3) 


cF 

2 

481 ±34 (3) 

276±67 (3) 

343 ±47 (3) 

47 ±8 (3) 


cF 

4 

6G9±73 (G) 

281 ±33 (0) 

548 ±100 (0) 

211 ±20 (6) 


cF 

0 

399 ±G7 (3) 

356±52 (3) 

346 ±41 (3) 

52 ±10 (3) 


cF 

8 

316±18 (3) 

299±23 (3) 

223±10 (3) 

46±6 (3) 


jM 

1 

879 ±98 (9) 

283 ±95 (9) 

— 

— 


M 

4 

303 ±12 (G) 

221 ±60 (0) 

— 

— 


cM 

1 

369±43 (3) 

324 ±22 (3) 

— 

— 


cM 

4 

662±68 (3) 

333 ±62 (3) 

— 

— 

Oestrone (0 3 mg /kg ) 

cF 

1 

271 ±61 (3) 

350±72 (3) 

181 ±13 (3) 

61 ±10 (3) 


cF 

2 

274 ±34 (3) 

321 ±30 (3) 

247±38 (3) 

47±2 (3) 


cF 

4 

209±34 (3) 

327±01 (3) 

220 ±34 (3) 

102±15 (3) 


cF 

G 

266 ±38 (3) 

305 ±22 (3) 

181 ±36 (3) 

63±9 (3) 

Testosterone (3 3 mg /kg ) 

cM 

1 

271 ±60 (3) 

172±14 (3) 

— 

— 


cM 

4 

311 ±30 (3) 

201 ±23 (3) 

— 

— 


F 

1 

264±32 (3) 

297 ±20 (3) 

289 ±27 (3) 

172±64 (3) 


F 

4 

272±40 (3) 

343±48 (3) 

326±19 (3) 

193 ±36 (3) 


cF 

0 5 

230±62 (3) 

330±38 (3) 

199 ±20 (3) 

67±12 (3) 


cF 

1 

289 ±34 (3) 

319±56 (3) 

260±14 (3) 

101 ±19 (3) 


cF 

2 

284±26 (3) 

363 ±46 (3) 

183±35 (3) 

• 44±6 (3) 


cF 

4 

251 ±48 (3) 

326 ±46 (3) 

189 ±39 (3) 

36±11 (3) 

Testosterone (2 mg /kg ) 

cF 

1 

263 ±64 (3) 

346±16 (3) 

166±31 (3) 

32±13 (3) 


cF 

4 

259 ±18 (3) 

345 ±26 (3) 

164±31 (3) 

39±9 (3) 

Testosterone (2 mg /kg ) + oestrone 

cF 

1 

206±51 (6) 

379 ±28 (0) 

179±34 (0) 

46±12 (6) 

(1 7 mg /kg ) 

cF 

4 

279 ±20 (6) 

340±66 (5) 

206±31 (6) 

47 ±7 (6) 



1 

261 ±20 (3) 

314±31 (3) 

— 

— 


M 

4 

295 ±78 (3) 

323±64 (3) 

— 

— 



*, L t. see 

1 Table 1 





uterus were obtained 7 days after injection of ovari- 
ectomized mice with chloroform or carbon tetra- 
clilonde (Table 3) That these changes were not duo to 
a direct action of the toxic agent on the uterus, but 
were secondary to the effect on hver, was shown by 
further experiments m which nuce were submitted to 
partial hepatectomy 3 weeks after ovariectomy, with 
similar results With all three methods of treatment, 
the rise m uterme weight at its greatest was statisti- 
cally significant (P<0 001) Liver repair is far 
advanced after this period (Lewy et al 1948) In 
a separate group of six mice, the uten were ex amin ed 
histologically 9 days after partial hepatectomy 
Metoestrus, pro oestrus and, m one case, full oestrus 
were obsem^ed, as compared with dioestrus m ovan- 
ectomized controls It should be noted that not 
more than 40 % of the hver was removed m the partial 
hepatectoirues m the present experiments Results 
obtamed with mercuric mtrate suggest that changes 


m kidney are vuthout effect on uterme weight and 
glucuromdase activity 

Fractionation of uterme -glucuromdase prepara 
tions fi’om ovariectomized nuce treated with chloro- 
form and carbon tetrachloride showed all activity to 
be present m fraction A 

DISCUSSION 

The origmal purpose behmd the experiments 
described above was to decide whether the sites of 
action of various agents on glucuromdase activity 
were detenruned by diff erences m the properties of 
the enzyme No evidence of this was obtamed An 
mcrease m )3 glucuromdase activity appeared to be 
governed solely by the abfiity of the agent to stunu 
late growth processes m the organ m question 
Results for uterus did, however, emphasize the need 
for a prehnunary kmetio study with each new organ 
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Table 3 Effect of liver regeneration on uterine enzyme and weight 

(AU Talues are given as mean ±s e , foUowed (m parentheses) by the number of animals in the 

Total G tr /g tissue 


Treatment 


None 


Chloroform (2 g /kg ) 


Chloroform§ (6 g /kg ) 

Carbon tetrachloride (6 3 g /kg ) 


Partial hepateotomy 


Mercuno mtrate (20 mg /kg ) 


Sex* 

P 

cF 

P 

P 

P 

cP 

cP 

oP 

cP 

cP 

oP 

cP 

cP 

cP 

cP 

cP 

cP 

cP 

cF 

cF 

cF 


Days after 

treatment 


1 

4 

7 

1 

4 

7 

8 

10 

1 

4 

7 
10 

2 

4 

6 

8 
12 

3 

6 


LiverJ 

334±48 (6) 
260±49 (6) 

812±91 (6) 
696±61 (3) 
705±64 (6) 
616±23 (3) 
620±26 (3) 
657 ±78 (6) 

606±76 (3) 
501 ±30 (3) 

712±66 (3) 
664±57 (3) 
715 ±60 (6) 
379 ±66 (3) 

672±63 (3) 
632±83 (3) 
625±89 (3) 
635±61 (6) 
424±41 (3) 

241 ±32 (3) 
238±26 (3) 


Kidney! 
266 ±39 (6) 
261 ±43 (6) 

227 ±23 (6) 
238±27 (3) 
310±66 (6) 
398 ±67 (6) 
362±24 (3) 
359 ±67 (7) 

436 ±66 (3) 
335 ±52 (3) 

301 ±42 (3) 
236 ±23 (3) 
290 ±69 (6) 
292 ±12 (3) 

284 ±22 (3) 
306 ±29 (3) 
342 ±34 (3) 
328±64 (6) 
329 ±32 (3) 

623 ±27 (3) 
323 ±24 (3) 


Utenisf 

333 ±63 (6) 
174±46 (6) 

266 ±45 (6), 
342±34 (3) 
321±61 (6) 
181 ±33 (3) 
162 ±31 (3) 
469 ±61 (7) 

386 ±61 (3) 
306 ±22 (3) 

203 ±48 (3) 
285±62 (3) 
496 ±64 (6) 
205 ±20 (3) 

225 ±67 (3) 
240 ±42 (3) 
412±31 (3) 
395 ±43 (G) 
277 ±29 (3) 

179 ±18 (3) 
168 ±26 (3) 
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group ) 

Utenno weight 

(mg) 

234 ±66 (6) 
34±18 (6) 

277 ±44 (6) 
372 ±36 (3) 
306±29 (6) 
28 ±10 (3) 
33 ±7 (3) 
103 ±20 (7) 

99 ±18 (3) 
66 ±12 (3) 

25 ±6 (3) 
18 ±9 (3) 
77 ±23 (0) 
42±6 (3) 

75 ±14 (3) 
64±8 (3) 
123±14 (3) 
116±19 (6) 
63 ±6 (3) 

30 ±4 (3) 
39 ±6 (3) 


♦, t, !, see Table 1 

§ Divided mto three daily doses of 2 g /kg , timed from first mjection 


examined, for glucuromdase activity Tlie choice of 
pH 6 2 for determining eictivities m hver or kidney 
with phenylglucuromde would seem to he justifiod 
for most purposes 

Changes m the susceptibdity of the mouse kidney 
to chloroform necrosis were faithfully reflected m the 
figures for glucuromdase activity The value of such 
figures as a biochemical mdex of growth is filustrated 
by the discovery of new facts relatmg to hver and 
uterus The action of oestrone on hver m normal and 
castrate males and m ovanectomized females, and 
the antagonizing of this action by testosterone are m 
accordance with the view of Bullough (1948) that 
the effects of such hormones are more widespread 
tiuoughout the body than is generally appreciated 
The absence of any axition by oestrone on hvcr m 
normal females suggests some form of control of this 
organ by the ovary 

The changes observed m uterus durmg hver 
regeneration m the ovanectomized mouse can only 
be explamed on the assumption that the body is 
capable of producmg an extra ovarian growth 
hormone for uterus m significant amounts In this 
case, there is obvious need for care m mterpretmg 
certam experiments (Talbot, 1939 , Pmcus & Martm, 
1940, Segaloff, 1946, Roberts & Szego, 1947) m 
winch the action of hver damage and regeneration 
m enhancmg the effectiveness of administered or 
ovanan oestrogens is claimed to be due to ‘ depressed 
inactivmtion ’ or ‘accelerated activation’ of the 
hormones In view of the effect of oestrone on the 


hver, a hitherto unsuspected comphcation must be 
looked for m the action of this compound on the 
uterus of the ovanectomized mouse 

SUMMARY 

1 Both (9 glucuromdase fractions found by Mills 
(1947) m ox spleen are present m mouse hver and 
kidney, whilst the uterus contains only one of these 

2 The two glucuromdase fractions m liver and 
kidney respond identically to agents causmg changes 
m the enzyme activity 

3 In the uterus, as m other organs, changes m 
glucuromdase activity reflect changes m growth, and 
the action of oestrone on the enzyme is antagomzed 
by testosterone 

4 Oestrone produces marked mcreases m glucu- 
romdase activity and cell division mthe hver m ovari- 
ectomized imce This action, which is also seen m 
normal and castrate males, but not m normal 
females, is amtagonized by testosterone 

6 During hver regeneration foUowmg chloroform 
or carbon tetrachloride poisomng or partial hepat- 
ectomy, uterme weight and glucuromdase activity 
mcrease m ovanectomized mice m absence of 
administered oestrogen 

The authors wish to express then gratitude to Prof 
G P Jlarnan, F R S , for instruction in ovanectomies and 
for a gift of oestrone, to Organon Laboratories Ltd for a gift 
of testosterone, and to Mr D Love for technical assistance 
One of us ( J G C ) is in receipt of a grant from the British 
Empire Cancer Campaign 
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Concentration of Lipids in the Brain of Infants and Adults 

By A C j OHNSON (National Research Council Fellow) 
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Department of Biochemtstry, TJmveraity of Western Ontario, London, Canada 

{Received 16 November 1948) 


Histologically it has been shown that the fibre treicts 
of the brain are not fully myelinated at birth, but 
that myehnation is completed later, comcident with 
the functional development of the central nervous 
sj'stem Most of the meduUated fibres of the nervous 
system are m the white matter, whereas moat of the 
bodies of the nerve cells are m the grey matter In 
order to mvestigate, therefore, the hpid components 
of the myehn sheath, the hpid distribution m the 
grey matter and white matter of the bram of the 
newborn mfant has been compared with that of the 
adult brain 

The important lipids of the central nervous 
system are cerebrosides, cholesterol and the phos- 
phohpins, lecithin, sphmgomyelm and kepliahn In 
a previous report (Johnson, McNabb & Roasiter, 
1948o) it was shoivn that white matter of bram is 
distmguished from grey matter by a greater con- 
centration of cerebroside, free cholesterol and 
sphmgomyehn It was suggested that these hpids, 
rather than lecithin and kephahn, formed the hpid 
components of ‘myehn’ Additional evidence was 
obtamed for this view when it was found that 
meduhated peripheral nerve was relatively nch m 
cerebroside, cholesterol and sphmgomyehn, thus 
resembhng the white matter of bram rather than 
grey matter (Johnson, McNabb & Rossiter, 19486) 
It has now been shown that wlute matter of adult 
bram, m which myehnation is complete, differs from 
‘white matter’ of newborn mfant bram m that it 
contains a higher concentration of these same hpids 
(cerebroside, cholesterol and sphmgomyehn) 


METHODS 

The brain was removed from each of five infants and five 
adults as soon as possible after death The infants, whose 
ages ranged from 7 months’ gestation (premature) to full 
term, died at buth or shortly afterwards Samples of both 
grey matter and ‘ white ’ matter were taken firom the cerebral 
hemispheres The grey matter consisted of a thm shavmg 
from the surface of the cerebrum As there was practically 
no visible white matter m the infant, the ‘white’ sample was 
taken from the positions where white matter was known to 
occur m the adult bram 

A sample of tissue (1-3 g ) was rapidly weighed and 
repeatedly extracted with 60 ml portions of a 1 1 ethanol 
ether mixture as desenbed previously ( J ohnson et al 1948 a) 
Additional samples of both grey matter and white matter 
were taken for the detemunation of the wet-weight to dry 
weight ratio A porbon of the fresh tissue was added to a 
tared covered crucible, the crucible and tissue weighed, dried 
in an oven at 106'’ for 24 hr , cooled m a desiccator and re 
weighed. From these figures, the water content of the tissue 
was calculated. The concentrations of cerebroside, free 
cholesterol, total cholesterol, total phosphohpm, mono 
aimnophosphohpm and leoithm were detenmned m samples 
of the extract as previously described (Johnson ei al 1948a), 
and from these figures were calculated the concentrations of 
ester cholesterol, sphmgomyehn and kephahn 

RESULTS 

The figures for both white and grey matter of adult 
bram (Table 1) were similar to those obtamed 
previously, when two human brains only were 
analyzed (Johnson et al 1948o), and were consider- 
ably greater than those for infant bram, chiefly 
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Table 1 Concentration of lipwLs in grey and white matter of infant and adult brain, 
expressed as percentage of fresh tissue weight 

(Five infant and five adult brains examined Results given as mean + s e M ) 


Cerebroside 
Total cholesterol 
Free cholesterol 
Ester cholesterol 
Total phosphohpm 
Monoammophosphohpin 
Lecithin 
Sphingomyehn 
Kephahn 


Grey matter 

A 


t 

Infant 

Adult 

Adult/mfant 

Infant 

(%) 

(%) 

ratio 

(%) 

0 52±0 06 

0 87 ±0 24 

167 1 

0 68±0 01 

0 49 ±0 06 

0 99 ±0 02 

2 02 1 

0 67±0 07 

0 48 ±0 07 

0 97 ±0 06 

198 1 

0 64±0 07 

0 01 ±0 00 

0 02±0 00 

— 

0 03±0 03 

1 89±0 27 

3 30±0 05 

178 1 

2 09±0 19 

177±0 26 

2 83 ±0 08 

160 1 

1 96±0 20 

0 76±0 08 

0 99 ±0 09 

132 1 

0 86 ±0 07 

012±0 05 

0 63±0 04 

442 1 

0 13±0 04 

1 02±0 18 

1 86±0 04 

181 1 

1 11±013 


White matter 


Adult 
fo/ 


4 78±0 19 
4 22±017 
415±0 18 
0 07±0 07 
7 03±0 29 
6 03±0 37 
137±012 
2 00±0 18 
3 66±0 27 


because tbe -water content of adult brain -was much 
less than that of infant bram 

Ne-verthelesa, from Table 1, it can be seen that the 
ratio of the concentration of each individual hpid m 
the grey matter of the adult to the concentration of 
the same hpid m the infant -weis usually less than 2 
and never greater than 4 42 For -white mat-ber the 
ratio for cerebroside, cholesterol (almost all of which 
was m the free form) and sphmgomyelm was much 
greater, suggestmg that it was a greater concen- 
tration of these hpids that distmguished the white 
matter of the adult bram from that of the infant 
The results of Table 1 appear somewhat different 
after allowance has been made for the water content 
of the tissues Table 2 sho-ws that the water content of 
infant bram was much higlier than that of adult 
bram, and also that the value for grey matter of 
infant bram was not significantly different from that 
for white matter The water content of the adult 
bram was much less, and it was found that grey 
matter had more than -twice the water content of 
white matter Thus, as the bram developed and 
myehn was deposited, the whole organ lost water, 
but relatively more was lost from the white matter 
than from the grey matter 

In Table 3 the values for the hpid components of 
both grey and white matter of infant and adult bram 


Adult/mfant 
ratio 

8 25 1 
6 30 1 
6 60 1 

3 36 1 

2 67 1 
161 1 

16 40 1 

3 30 1 

are given m terms of dry weight It can now be seen 
how strikingly similar was the distribution of hpids 
m the grey matter of the infant bram to that m the 
ad-ult For grey matter, -with the exception of sphm- 
gomyelm -with a ratio of 2 33, the adult to infant 

Table 2 Water content of grey and white matter of 
infant and adult brain 

(Five infant and five adult brains examined Results 
given as mean ±s B M.) 

Grey matter White matter 

(mg /mg dry tissue) (mg /mg dry tissue) 

Infant 9 74±0 69 9 82±0 72 

Adult 5 34±0 10 2 40±0 06 

ratio for each mdividual hpid was between 0 80 and 
1 23 For whi-te matter, however, the picture was 
qmte different The ratio for cerebroside and free 
cholesterol was 2 10 or more, and for sphmgomyehn 
it was 4 87 Thus the white matter of adult bram had 
a higher concentration of cerebroside, free cholesterol 
and sphmgomyehn than had the white matter of 
mfant bram The concentrations of total phospho- 
hpm m the white matter of the adult bram and mfant 
bram did not differ significantly There was no 
difference m the concentration of kephahn, and the 
greater concentration of sp hing omyelin m -the white 


Table 3 Concentration of hpids in grey and white matter of infant and adult brain, 
expressed as percentage of dry tissue weight 


(Five mfant and five adult brains exammed Results given as mean ±s e m ) 

Grey matter White matter 



Infant 

Adult 

Adult/mfant 

Infant 

Adult 

Cerebroside 

Total cholesterol 

Free cholesterol 

Ester cholesterol 

Total phosphohpm 

llonoammophosphobpm 

Lecithm 

Sphingomj elm 

Kephahn 

(%) 

(%) 

ratio 

(%) 

(%) 

5 64±0 91 

5 09 ±0 37 

5 03±0 36 

0 06±0 04 

19 66±139 

18 20±136 

7 81±0 46 

1 30±0 46 

10 46±1 08 

6 64±0 80 

6 28±0 14 

6 17±0 20 
010±0 05 
21 27±0 49 
17 96±0 59 

6 26±0 63 

3 03±0 29 
11 71 ±0 40 

0 98 1 

123 1 

123 1 

108 1 
' 0 98 1 

0 80 1 

2 33 1 

111 1 

6 21 ±0 39 

7 00±0 44 

6 70±0 33 

0 30±0 07 

22 04±0 69 

20 64±0 62 

9 07±0 28 

1 40±0 58 

11 67 ±0 58 

16 28±0 99 
14 33±0 66 
14 08±0 66 

0 26±0 22 
23 84±0 73 

17 01±1 16 
4 63±0 34 
6 82±0 67 

12 39±0 83 


Adult/mfant 

ratio 

2 61 1 
2 04 1 
210 1 

108 1 
0 82 1 
0 61 1 
4 87 1 
107 1 
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matter of the adult bram was balanced by a lesser 
concentration of lecithm (Table 3) This pomt is weU 
illustrated m Table 4, where the mdividual phospho- 
bpins are expressed as a percentage of the total 
pbospbobpm For white matter the percentage of 
kephahn was about the same (62 %) for both mfant 
and adult bram Lecithm accounted for 41 % of the 
total phosphohpm for mfant bram and only 19 % for 
the adult, whereas sphmgomyelm accounted for 6 % 
of the total phosphohpm for mfant bram and 29 % 
for the adult 


1949 

by the numerous puhhcations of Donaldson (see 
Donaldson & Hatai, 1931, for references) This 
raises the question of whether mfant bram should be 
compared with adult bram on a wet weight basis, as 
has been done by many workers For instance, 
Bacldm (1930) found that the concentration of 
total phosphohpm m the whole bram of the adult 
rabbit was greater than that of a newborn rabbit m 
terms of wet weight, but that there was no difference 
when dry weight was used as a reference standard 
We have found the same to he true for the wlute 


Table 4 Concentration of jihosphohpins in grey and white matter of infant and adult brain, 

expressed as percentage of total phospholipid 


(Five infant and five adult brains examined Results given as mean ±s E m ) 


Lecithm 

Sphmgomyehn 

Kephahn 



Grey matter 

A 



T\Tnte matter 

A 


Infant 

Adult 

Adult/mfant 

Infant 

Adult 

> 

Adult/mfant 

(%) 

(%) 

ratio 

(%) 

(%) 

ratio 

40 28±2 31 

29 1G±2 46 

0 72 1 

41 22±1 85 

19 42±1 35 

0 46 1 

6 02±2 37 

15 08±140 

2 37 1 

6 2S±2 61 

28 80±3 31 

4 57 1 

63 10±2 48 

56 20±2 56 

104 1 

52 50±1 94 

51 78±2 17 

0 99 1 


DISCUSSION 

Frankel & Lmnert (1910) found that the concentration of 
total hpid m the whole bram of the adnlt was greater than 
that m the bram of the newborn infant Usmg the classical 
differential solubdity techmques they showed that the 
morease m hpid concentration m adult bram was not con 
fined to one hpid fraction only This work was confirmed by 
Schiff & Stransky (1921) and recently by Schuwirth (1940) 
Raake (1886) found that the whole bram of foetal calves 
contamed no cerebroside, a result confirmed by Mendel & 
Leavenworth (1908) usmg pigs NoU (1899), when studymg 
the ‘protagon’ fraction of human bram, observed that with 
the begmnmg of myehnation there appeared an ethanol 
soluble substance fixim which a reduemg sugar was spht off 
on hydrolysis Koch & Koch (1913) showed that cerebroside 
was not present m the bram of newborn rats, but that the 
concentration of cerebroside, phosphohpm and cholesterol 
mcreased with age A similar findmg was reported for the 
dog (Smith A Maw, 1912-13o), the rabbit (Backhn, 1930) 
and man (Koch A Mann, 1907, MooArthur & Doisy, 1919) 
Less comprehensive work on total phosphohpm has been done 
for rat bram (Lang, 1937, Fries, Entenman, Changus & 
ChaLkoff, 1941), and human bram (Bergammi, 1926, Smger 
& Deutschberger, 1928, Cattaneo, 1932) Similar studies on 
total cholesterol have been repoi-ted for rat bram (Lang, 
1937, Fnes etal 1941), dog bram (Mansfeld A laptak, 1913) 
and human bram (Rosenheim, 1914, Bergammi, 1926, Page 
A Menschiok, 1931 , Cattaneo, 1931) In addition, McConnell 
& Smc)air (1937) usmg rats, reported that the lecithm and 
kephahn fatty acids mcreased durmg groivth They did not 
estimate the mdividual phosphohpms, nor did they die 
tmgmsh between white and grey matter, hence from these 
studies very httle can be deduced about the chemical nature 
of myehn 

Tliat foetal bram contains more water than does 
adult bram was known to most of the above authors 
and the subject has been well reviewed for the rat 


matter of human bram In terms of wet weight 
(Table 1) the concentration pf total phosphohpm 
■was greater m the adult than m the newborn infant, 
but when referred to umt dry weight there was no 
such difference (Table 3) Pre'viously ( J olinson et al 
1948o, 6), lipids have been expressed os a percentage 
of ‘ essential hpid ’, i e as a percentage of the sum of 
the cerebroside, total cholesterol and total phospho- 
hpin The values for the adult and infant brains were 
also calculated on an ‘essential hpid’ basis, but this 
method pro'vided no further information than that 
already given m Table 3 

The recent report of Williams, Galbraith, Kaucher, 
Moyer, Richards & Macy (1946) on the hpids of tlie 
brains of rats of different ages is of mterest for they 
estimated the mdi'vidual phosphohpms It is difiS 
cult, however, to make a strict comparison of their 
results with our o'wn, for, besides the species differ- 
ence, the method which they used to distmgiush the 
mdi'vidual phosphohpms was not the same as ours, 
and the white and grey matter were not separated 
Wdliams etal (1946) found that with mcreasmg age, 
m addition to the well established greater concen- 
trations of phosphohpm, cerebroside and cholesterol, 
there 'was a large morease m kephahn, a lesser 
morease m sphmgomyelm and a decrease m lecithin 
In our study on the white matter of the human 
bram there was a lesser concentration of lecithm m 
the adult than m the mfant, the same concentration 
of kephahn and a much greater concentration of 
sphmgomyehn 

Many of the pioneers of bram chemistry noted the 
great difference between the hpida of white and those m 
grey matter For instance, both Petrowsky (1873) an 
Thudichum (1901) found considerably more cholesterol and 
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cerebroside m white than in grey matter, and less lecithin 


These findings have subsequently been confirmed (Smith & 
Mair, 1912-136, Frankel & Linnert, 1910, Kirschbaum & 
Lmnert, 1912, Yasuda, 1937, BandaU, 1938, Johnson et al 
1948 a) 'In addition, Schmidt, Benotti, Hershman & Thann 
hauser (1946) showedthatthe concentration of sphmgomyehn 
in the white matter of ox bram was greater than that in 
grey matter Many of these workers also noted that the 
concentration of water was greater m grey than m white 
matter 

That the hpids of white matter of foetal bram 
resemble those of grey matter was first pomted out by 
Easke (1886) and later by Frankel & Lmnert (1910) 
and Smith & Man (1912-136) Not only have we 
confirmed this similarity for cerebroside, cholesterol 
and total phosphohpm, but also for lecithm, splun- 
gomyehn and kephalm 

Smce the white matter of adult bram is dis- 
tmguished from that of the bram of the newborn by 
greater concentrations of cer^ibroside, cholesterol 
and sphmgomyehn, and, smce it has been shown 
histologically that myehnation of the various tracts 
is complete m the white matter of the adult bram 
and not m the bram of the newborn infant, it is 
perhaps reasonable to assume that these are the 
prmcipal hpids of the myehn sheath However, 
a word of caution is necessary Waelsch, Sperry & 
Stoyanoff (1941) have pomted out that after birth 
hpid is deposited m the bram of the rat as a result of 
two processes, (a) gro-wth and (6) myehnation 
Immediately after birth and before myehnation is 
complete there is an active deposition of bram 
hpids as shown by isotope studies The mcorporation 
of radioactive phosphorus m the phosphohpm 
firaction (Fries, Changus & Chaikoff, 1940) and of 
deuterium m both the fatty acid and non saponifi- 
able fraction of the bram hpids (Waelsch et al 1941) 
was greatest m young rats immediately after birth, 
when growth was greatest, and decreased sharply 
with mcreasmg age, even although myehnation was 
proceedmg rapidly Such experiments show that 
much new hpid material is deposited m the bram 
after birth as a result of growth, and the differences 
between the adult and the newborn need not be 
necessarily the result of myehnation 


In general, the hpid distribution is similar m both 
white and grey matter of infant bram and closely 
resembles that of grey matter of adult bram The 
white matter of the adult is distmguished from that 
of the newborn by a much greater concentration of 
cerebroside, free cholesterol and splungomyehn 
This observation, together with the findmg that these 
hpids are present m high concentrations m peripheral 
meduUated nerves, makes it hkely that cerebroside, 
free cholesterol and sphmgomyehn, rather than 
lecithm and kephahn, go to make up the hpids of 
‘myehn’ 

SUMMARY 

1 The concentration of cerebroside, free chol- 
esterol, total cholesterol, total phosphohpm, leci- 
thm, splungomyehn and kephalm has been deter- 
inmed m both the grey and white matter of the 
brains of five infants and five adults 

2 The water content of both white and grey 
matter of infant bram was greater than that of adult 
bram, and for the adult the water content of grey 
matter was much greater than that of white matter 

3 Tlie distribution of hpids m the wlute matter of 
mfant bram resembled that of the grey matter and 
also the grey matter of adult bram 

4 The distribution of hpids m the white matter 
of adult bram differed from that of the white 
matter of infant bram m that there was a higher 
concentration of cerebroside, free cholesterol and 
sphmgomyehn 

5 Although, m terms of dry weight, the white 
matter of adult bram had about the same total 
phosphohpm content as white matter of mfant 
bram, it contamed more sphmgomyehn and less 
lecitlim 

6 The data reported here, taken m conjunction 
with those of previous studies, suggest that cere- 
broside, free cholesterol and sphmgomyehn are the 
prmcipal hpid components of the ‘myelm ’ sheath of 
nerve fibres 

This work was aided by a grant from the National Eesearoh 
Conned of Canada Thanks are due to Mr Norval Burt for 
skilful teohmcal assistance 
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Effects of Amidines on Oxidases of Escherichia colt 
and of Animal Tissues 

By j j GORDON* and ENID SOBIDENf, Biological Division, May and Baker Ltd , 

Dagenham, Essex 

{Received 1 November 1 948) 


Interest m the diamidines as antiprotozoal and anti- 
bacterial agents led us to consider their possible 
mechanism of action, and a study of their effects on 
oxidation systems offered a method of approach 
Bemheim (1943, 1944) reported that certam ami- 
dmes inlubited the oxidation of D-prohne and of both 
isomers of alanme by Escherichia coli, but were with 
out effect on the oxidation of glucose, succmate or 
pyruvate at similar concentrations 

We considered that further valuable information 
would possibly be revealed by studymg the effects 
of amidmes at higher concentrations, using also a 
wider range of substrates Accordmgly, we have 
earned out an mvestigation along these hues, with 
Esch coll as the test organism Propamidme (13- 
di (4' amidmophenoxy)propane) was mainly em- 
ployed, but a number of experiments were also 
earned out with hexamidme (1 6 di-(4'-amidmo- 
phenoxy)hexane) and two halogenated denvatives, 
1 6 dibromopropamidme (1 3 di-(2'-bromo-4''-ami- 
dmophenoxy)propane) and monoiodohexarmdme (1- 
4' amidmophenoxy-6-(2' iodo-4'-amidmophenoxy)- 
hexane) Some parallel experiments on the oxidation 
systems of rat tissues were mcluded A recent com 
mumcation (Wien, Harrison & Freeman, 1948), m 
which some of our results were quoted, has dealt with 
the diami dines as bactericides 

* Present address Research Department, Bristol Mental 
Hospital 

t Present address Research Laboratories, The Distillers 
Co Ltd , Epsom, Surrey 


EXPERBIENTAL 

Measurement of respiration 

The Warburg manometnc techmque was used for foUowmg 
O 2 uptakes at 37° The baotennl Buspensioa or tissue pro 
paration was contamed m the mam vessel m 0 033 m phos 
phate buffer (for tissue preparations, phosphate Locke 
medium was used), with or without the amidme salt m 
appropnate concentration A 0 % KOH solution (0 2 ml ) 
was mtroduoed mto the central tube of the vessel, and 
soaked mto a small piece of rolled Whatman no 41 filter 
paper The substrate solution (0 2 mL) was contamed m the 
Bide arm and was tipped mto the mam vessel after a smtable 
equihbration or moubation period The total volume of 
vessel contents, moludmg those of the side arm and central 
tube, was always 3 ml 

Organisms 

Esch coll (National CoUeotion of Type Cultures no 4144) 
was used The oigamsms were sown on trypsm digest-agar 
plates, and after 18—24 hr growth the cultures were washed 
off the plates, using 3 ml of distilled "water for each plate 
The collected suspension was centrifuged, was twice washed 
by resuspendmg m distilled water and reoentnfugmg, and 
finally dduted to 7 16 mg dry wt/mL by the use of Wellcome 
standard opacity tubes Of this suspension 0 6 ml was used 
for each vessel It was confirmed that no appreciable change 
in the suspension occurred during the time occupied by the 
experiments The Oa uptake due to the organisms alone, 
without substrate, was usually not greater than 20 /d /hr , 
smee this was small m comparison with the Oa uptake m the 
presence of most substrates employed, it is permissible to 
regard the difference as representative of the Oj used m the 
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oxidation of the substrate Experiments were earned out 
at pH values of 6 6, 6 8, 7 4 and 7 8, m view of Bemheim’s 
(1944) emphasis on pH 

Tissue 

Preparations were made from the organs of rats m the 
■m inim um possible time after killin g 

Liver was ground with alundum and 3—4 ml 0 9 % NaCl to 
a fine suspension, filtered by squeezmg through gauze, and 
the tissue washed by dilutmg to 10 ml with 0 9 % NaCl 
After centnfugmg at high speed the deposit was suspended 
m 0 9 % NaCl (6 ml /g ongmal tissue) and 0 6 ml used m 
each vessel for studymg the aoti'vities of the suoomate, 
chohne and oytoohrome oxidase systems 

Kidneys were minced m 0 9 % NaCl to give a fine sub 
pension, which was washed by centrifuging and diluted with 
0 9 % NaCl (6 ml /g ongmal tissue) For each vessel, 0 6 ml 
was used for studymg D ammo acid oxidase activity 

Brain The whole bram was made to a un i form suspension 
with 3-4 ml 0 9% NaCl m a hard glass homogenizer, and 
diluted with 0 9% NaCl (6 ml homogenate/g ongmal 
tissue) Of this 1 ml was used for each experiment with the 
lactate and glucose oxidase systems 

Amidine derivatives 
These 'were used as double isethionate salts 

RESULTS 

Effects of amidines on oxidases of Escherichia coh 

The results of a senes of experiments with a number 
of substrates at different pH values are sLown m 
Table 1 No imtial mcubation penod was allowed m 


after 2 hr mcubation at pH 7 8 , and these effects may 
be compared with those observed by Bemheim 
(1944) with alanme and prohne With lactate, m- 
lubitions of roughly the same order were brought 
about by dibromopropaimdme, hexamidme and 
monoiodohexarmdme 



Fig 1 Effects of propamidme on Na lactate oxidation by 
Each coh Bactenal suspensions at 37° with 0 OlM-Na 
lactate A, O pH 6 6 A, x with 12 6 x 10““M-prop 
amidme, pH 6 6 B pH 7 8 C with 12 6 x 10 ~®m 
propamidme, pH 7 8 

Table 2 gives the results of a senes of experiments 
m which the amidmes were meubated with the 
bactenal suspension at pH 7 8 for 2 hr at 37° before 
the addition of substrate, values (/A Oj ab- 
sorbed/mg drywt orgarusms/hr )aremoluded Inhi- 
bitions by particular amidmes on different substrates 
can be compared Oxidation of aU the substrates 
(malate, sucemate and glutamate m addition to 


Table 1 Effects of amidines on oxidations by Escherichia coh 
(Washed suspensions of bacteria, 37°, substrate added at the same time as anudme ) 


Substrate 

(0 01 M) 

Na lactate 
Na lactate 
Na lactate 
Na pyruvate 
Glucose 
Na acetate 
D Alanme 


Inhibitions (%) 



pH 6 6 

— A 

A. 

pH 6 8 

A 

pH 7 4 

A. 

pH 7 8 

A 

Anudme 

In 

In 

f 

In 

In 

f 

In 

S 

In 

i 

In 

^ 

In 

(12 6 X 10-®si) 

1st hr 

2nd hr 

Ist hr 

2nd hr 

1st hr 

2nd hr 

1st hr 

2nd lir 

Propamidme 

8 

0 

23 

36 

38 

67 

39 

78 

Hexamidme 

0 

0 

30 

61 

39 

61 

63 

76 

Monoiodohexamidme 

25 

24 

46 

62 

66 

84 

73 

90 

Propamidme 

0 

0 

0 

19 

30 

32 

33 

21 

Propamidme 

0 

0 

0 

0 

31 

64 

28 


Propamidme 

0 

2 

0 

12 

6 

'46 

40 

7R 

Propamidme 

16 

44 

26 

60 

21 

69 

63 

1 o 

73 


these experiments, beyond that required for thermal 
equihbration Fig 1 illustrates the vanations of 
oxy^gen uptake with tune, m the case of lactate, and 
the mann er m winch this is influenced by propami- 
dme at pH values of 6 6 and 7 8 , similar vanations 
with tune were observed with the other substrates 
Tlie systems gOvemmg the oxidations of lactate, 
glucose, pyruvate, acetate and n alanme were all sub- 
stantially inhibited The inhibitions were maTnTr.o] 


those mentioned m Table 1) were inhibited by con- 
centrations of amidmes of the order of 12 6 x 10 -®m 
or less Lactate was affected to approximately the 
same degree as alanme, both these systems were 
sensitive to concentrations of propamidme as low as 
1 26 X 10-Sm The halogenated denvatives inhibited 
oxygen uptake shghtly more than the parent com- 
pounds, and hexamidme rather more than prop- 
amidme, but the differences were small 
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Table 2 Effects of aniidines on oxidation systems of Escherichia coh 


(Washed suspensions of bacteria, incubated 2 hr inth nmidine before tipping in substrate solution, reaction at 37 
pH7 8) 


Substrate 

Amidine, concentration 

Qoi 

Control 

Go, 

With 

Inhibition 
by amidme 

(0 01 M) 

(M X 10-') 

without amidme 

amidme 

(%) 

D Alanme 

Proparmdme, 1 25 

30 5 

20 4 

33 

D Alanme 

Propamidine, 12 5 

30 6 

62 

80 

D Alanme 

Hexanudme, 12 5 

33 2 

2 0 

94 

D Alanme 

Dibromopropanudme, 12 6 

33 2 

42 

87 

Na lactate 

Proparmdme, 1 26 

94 0 

57 6 

39 

Na lactate 

Proparmdme, 12 5 

94 0 

30 0 

68 

Na lactate 

Hexamidme, 12 6 

94 6 

22 4 

76 

Na lactate 

Dibromopropamidme, 12 6 

55 8 

92 

84 

Na lactate 

Monoiodohexarmdme, 12 5 

69 0 

62 

91 

Glucose 

Proparmdme, 12 6 

31 0 

13 2 

68 

Glucose 

Dibromoproparmdme, 12 5 

62 4 

92 

86 

Glucose 

Monoiodohexamidme, 12 5 

77 0 

06 

99 

Na malate 

Proparmdme, 12 5 

26 2 

72 

72 

Na malate 

Hexamidme, 12 5 

36 2 

40 

89 

Na malate 

Dibromopropamidme, 12 6 

13 4 

1 6 

88 

Na malate 

Monoiodohexamidme, 12 6 

39 6 

3 0 

92 

Na acetate 

Propamidine, 12 6 

642 

92 

86 

Na sucemate 

Propamidme, 12 5 

34 6 

20 0 

42 

Na glutamate 

Propamidme, 12 5 

14 6 

44 

69 

Na pjTuvate 

Propamidme, 12 6 

74 8 

23 8 

68 


0 


Table 3 Effects of propamidine on tissue oxidation (37° and pH 7 6) 


Source of 
enzyme 

Eat-bver extract 


Mmced rat kidney 


Bram homogenate 


Penod 
of in 
cubation 


Duration* 


Substrate, 

Propamidme 

of enzyme 
and 

amidme 

of 

expen- 

ment 

Oz 

uptake 

Go, 

Inhibit 

concentration (m) 

(x12 5x10-'m) 

(hr) 

(hr) 

(Ml) 

(%) 

Nil 

0 

2 

1 

27 

0 06 

— 

Na sucemate, 0 03 

0 

2 

1 

333 

8 32 



Na sucemate, 0 03 

1 

2 

1 

313 

7 82 

6 

Chohne chlonde, 0 03 

O 

2 

1 

77 

1 92 

■ — 

Chohne chloride, 0 03 

1 

2 

1 

23 

0 68 

73 

Chohne chlonde, 0 03 

0 

Nd 

1 

184 

4 60 

— 

Chohne chlonde, 0 03 

1 

Nil 

1 

48 

1 20 

74 

p Phenylenediamme, 0 6 

o 

2 

1 

209 

3 22 

- — 

p Phenylenediamme, 0 5 

1 

2 

1 

233 

6 84 

0 

Nil 

o 

Nil 

1 

38 

0 96 

— 

D Alanme, 0 013 

o 

Nil 

1 

169 

4 22 

— 

D Alamne, 0 013 

1 

Nil 

1 

167 

4 IS 

<1 

Nil 

0 

1 

2 

66 

0 60 

— 

Na lactate, 0 017 

o 

1 

2 

165 

1 23 

— ' 

Na lactate, 0 017 

1 

1 

2 

149 

1 11 

10 

Glucose, 0 013 

o 

1 

2 

163 

1 14 

— 

Glucose, 0 013 

1 

1 

2 

131 

0 97 

14 


* After tippmg m substrate 


Effects of amidines on tissue oxidases 

Effects of proparmdme on some oxidation systems 
of rat tissues are shown m Table 3 , the concentrations 
of the foregoing experiments were used No signifi- 
cant effects were exerted on oxidation of glucose and 
lactate by rat bram, the sucemate and cytochrome 
oxidases (the latter represented by the oxidation of 
yj-phenylenediamme) and the D-ammo acid oxidase 
activity of kidney were likewise unafiected The only 


positive effect noted was that on chohne oxidase, 
which was appreciably inlnbited by 12 5 x 10“®M- 
propamidine 

DISCUSSION 

The obsemnd effects of the amidmes on the oxidases 
of Esch coh are of mterest with reference to the anti- 
bacterial actions of these compounds Although no 
de fini te conclusions regarding the mode of inhibition 
of bacterial growth may be drawn from results of 
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enzyme studies on only one organism, the abihty of 
amidmes to exert toxic effects on different oxidation 
systems is a factor to be taken mto account, especially 
m view of the fact that a high pH value favours 
mbibition of growth (Elson, 1946) as well as of 
respiration The connexion is not apparently a 
simple one, smce the differences m bacteriostatic 
power between halogenated derivatives and parent 
compounds are not paralleled by the same differences 
m anti oxidase activity To give an example, the 
concentrations required to produce bacteriostasis 
for Each coh are 11 8 x 10-® m for propamidme and 
0 67 X 10“® M for dibromoproparmdme (Wien et al 
1948) the correspondmg figures for mhibition of 
oxidation were 80 and 87 % for ahmme, and 68 and 
84% for lactate, usmg 12 6 x 10 “® m concentrations 
of the amidmes It cannot, therefore, be claimed 
that the anti oxidase effects reflect the therapeutic 
efficacy of the compounds 

Regarding the mechamsm of the inhibitory effect 
on respiration, it may be that the amidmes exert 
effects on the particular dehydrogenases concerned 
with the different substrates, but the fact that so 
many systems are mvolved would appear to render 
tins unlikely It is more likely that an inlubitory 
effect IS exerted on a respiratory mediator common 
to the various systems One mteresting possibihty 
is that the system govemmg the direct transfer of 
molecular oxygen may be depressed, this would 
partly be supported by the absence of effect on the 
lactate oxidation system of bram, a cozymase linked 
system, and by the shght effects of the amidmes m 
inhibitmg the growth of anaerobic organisms It is 
conceivable that the cytochrome system peculiar to 


Each coh may be inhibited, the absence of an effect 
on the cytochrome oxidase of hver does not conflict 
with this possibflity, m view of the different cyto- 
chrome compositions of the two types of cell (Heflin 
& Harpley, 1941) It was not possible to pursue the 
pomt 

Fmally, experunents on tissue oxidation revealed 
an apparently specific inhibition of the chohne 
oxidase of hver This pomt is of mterest m connexion 
with the chrome toxicity of the amidmes, which 
produce characteristic fatty changes m the hver In 
view of the part played by chohne metabolism m 
hver function, especially m regard to fatty changes, 
the inhibitory effect of propamidme on chohne 
oxidase in vUro may well have some bearmg on the 
degenerative changes produced m the hver ^n vivo 

SUMMARY 

1 The respiration of washed cells of EachencJiia 
coll m presence of various substrates was strongly 
inhibited by certam diami dines m concentrations of 
the order of 1 26-12 6 x 10-®M 

2 There was no simple relationship between the 
bacteriostatic potencies of the amidmes and then 
effects on respnatiou 

3 Propamidme had no effect on several tissue 
oxidation S 3 rstems, but inhibited the chohne oxidase 
of hver 

The authors wish to acknowledge their mdebtedness to 
the Direotors of Messrs May and Baker Ltd for permission 
to pubhsh the work, and to Mrs Oakley and Miss E Parsons 
for technical assistance 
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The Quantitative Determination of Barbiturates in Tissues 
by Ultraviolet Absorption Spectrophotometry 


By G V R BORN* 

Department of Morbid Anatomy, Dniveraity GoUege Hospital Medical School, London 


{Received 13 November 1948) 


The purpose of tins paper is to describe a method 
for the estimation of verj' small amoimts of barbi- 
turates m mammahan tissues Tlie problem arose in 
connexion "with work on the mtermediary meta- 

* Present address Sir William Dunn School of Patholoev 
TJm\ersity of Oxford 


bohsm of the drugs, when it was found that the 
methods previously described were mapphcable for 
various reasons winch wfll be discussed 
pie basis for the various spectrophotometnc pro- 
cedures IS the fact that barbituric acid and its de- 
rivatives of pharmacological uuportance, mcludmg 
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barbital (6 6-dietbylbarbitunc acid) and pento- 
barbital (6-ethyl-6 2'-pentylbarbituric acid) possess 
in alkaline solution characteristic absorption bands 
in the ultraviolet Changes in the location and 
intensity of these bands in relation to variations m 
molecular structure have been discussed by Loof- 
bourow & Stimson (1940), Stuckey (1940, 1941, 
1942), Klotz & Askounis (1947), and Walker, Fisher 
& McHugh (1948) The facts relevant to the present 
method are (a) from c pH 6 6-c pH 10, a well- 
defined absorption ma'umum occurs at a wave 
length of 239 m/i , (b) as the reaction becomes still 
more alkahne, the position of the maximum shifts 
m the direction of longer wave lengths, (c) m alkahne 
solution, the extmction at 239 m/i is directly pro- 
portional to the concentration of barbiturate, m 
accordance with the Lambert Beer law (Fig 1) On 
the basis, therefore, of spectrophotometric data the 
concentration of the drugs can easily be detemunod 
m pure solutions 



Concentration (gg/mll 

Fig 1 Relation of extinction to concentrations of barbital 
and pentobarbital in alkabne solutions, pH 9 4, 'wave 
length 239 m/i 

In attempts made to recover barbiturate from 
tissues, however, other substances are usually ex- 
tracted at the same tune Some of them absorb 
radiation m the same region of the ultraviolet as the 
barbiturates It has not been practicable to recover 
the drugs quantitatively m ‘pure ’ solution, and it is 
therefore evident that any spectrophotometric ' 
method for the estimation of barbiturate m the 
presence of such impurities is valueless unless it 
allows for the contribution made by these mter- 
fenng substances to the total absorption 
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The present method achieves this by making use 
of the observation that the mtensities of absorption 
at 239 mg of barbiturate and of the mterfermg 
substances differ m their dependence on pH The 
extinction of barbiturate is characteristically related 
to pH, bemg maxunal at pH 10 and decreasmg 
steeply towards the acid, less steeply towards the 
alkahne side (Fig 2) The ratio of the extmctions at 
any two values of pH is mdependent of concen 
tration 



Fig 2 Relabon of extinction to pH for barbital and pento 
barbital, concentration of drugs 10 gg /ml , ware length 
239 mg 

In contrast, the extmction due to the mterfermg 
substances obtamed from different tissues by the 
present procedure has been shown to be practically 
constant over certam ranges of pH Prehmmary 
experiments are necessary to determme these ranges 
and the change m extmction of barbiturate when the 
pH IS altered to the same extent The results permit 
calculation of the concentration of barbiturate m 
impure solutions of this nature 

METHOD 

Principle Tbe tissue is homogenized and the proteins are 
precipitated by ethanol Tbe barbiturate m the acidified 
protem free filtrate is extracted with ether and passed mto 
alkflJi To two samples of this alkabne solution are added 
phosphate or borate solutions which brmg the pH to different 
known values The extmctions at 239 m^i of the resnltmg 
solutions are measured, and from these the concentra 
tion of barbiturate m the tissue can be determmed by 
oalonlation 

Apparatus Tbe extmction measurements were made with 
a Beckman Model DU photoelectno spectrophotometer with 
1 cm quartz cells pH was determmed eleotrometncaUy 
with a glass electrode 
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Reagents Cone HCl (AR), absolute etbanol, dietbyl 
ether (A B ), NaCl (A R ), NaOH solution 0 2m, KHaPO, 
and HjBOa KCl solutions as for the preparation of buffer 
solutions according to Vogel (1944), except that the concen 
trations of the stock phosphate and borate solutions are 
10 m and 0 6 m respectively 

Exp&nmmidl procedure 

PreltTninary experiments About 1 g of normal tissue is 
extracted as described below The extracted interfenng 
substances are highly concentrated m the 6 ml of alkahne 
solution obtamed, this is therefore made up to 60 ml With 
more 0 2M-]SraOH solution, and 6 ml amounts of this are 
then pipetted mto a senes of test tubes graduated at 10 ml 
Into another senes of test tubes similarly graduated are 
put 6 ml volumes of a 0 002% (w/v) solution of the barbi- 
turate m 0 2m aqueous NaOH (eqmvalent to 100 pg drug/ 
tube) Into a third senes of test tubes are put & ml v olumt* 
of pure 0 2m NaOH solution 

To corresponding tubes of all three senes are added 
moreasmg volumes of the phosphate or borate solutions, so 
that the pH moreases m each senes by steps of approx 0 6 
of a umt fixim 6 to 10 The quantities to be added may be 
calculated firom the tables given by Vogel (1944) The 
solutions ate then made up to 10 ml with water 

The extmctions at 239 mp of the first two senes of solu- 
tions are measured, usmg the third senes as blanks Then the 
pH of each solution m the first two senes is accurately 
determmed Curves are plotted to show extmotion-pH re 
lationships These curves show the pH range over which the 
extmotion of the mterfermg substances is constant, and they 
show the constants K and L (defined below) 

Extraction The tissues are thoroughly homogenized 
(Potter & Elvehjem, 1936) The homogenate is transferred 
quantitatively mto a narrow glass stoppered measurmg 
cyhnder Absolute ethanol (2 vob) is added and the mixture 
IS shaken and allowed to stand for 16 mm Water (J- vol ) is 
added and the volume of the resultmg solution noted The 
mixture isthenfilteredthroughaWhatmanno 42 paper The 
dear filtrate is saturated with NaCl One half of it is taken 
mto a separatmg funnel, acidified with a drop of concentrated 
HCl, and extracted once with an equal volume of ether 
The acjueous layer is discarded The ethereal layer is 
extracted once, m the same separatmg funnel, with approx 
6 mL of 0 2M-NaOH The alkahne layer is run off, and most 
of the ether is removed by a current of N, The solution is 
then made up to 10 ml with water 
Spectrophotometry Portions of this alkahne solution 
(6 mL) ate placed m each of two test tubes graduated at 
10 mL The pH values of these two samples are adjusted to 
the different desired values by the addition of appropriate 
volumes of phosphate or borate solutions, the volumes are 
adjusted to 10 ml with water The extmctions at 239 mp. 
are then determmed 

Calcutation The two solutions submitted to speotrophoto 
metry are designated and Sj, and their hydrogen ion 


concentrations pH^ and pHj respectively, where pHi>pH, 
The foUowmg symbols are also used 


= Extmotion of 
R. = Extmotion of Sj 
Xj = Extmotion of impurities m Sj 
Xj = Extmotion of unpunties m Sj 
K ^ Ratio of extmctions at 239 mp of the barbiturate 

at pHi and pHa This is a constant, the value of 
which 18 found by reference to curves obtamed from 
the prehmmary experiments (e g Pig 2) 
i, =Ratio of extmctions at 239 mp of the barbiturate 
at pHj and pH 10 This is also a constant and its 
value IS obtamed from the same curves 
M =Mol wt of the barbiturate (Table 1) 

= Molecular extmotion at 239 mp of the barbiturate 
at pH 10 (Table 1) 

TF =Weight of tissue (g ) ^ 

Pirst, the extmotion of the impurities m Sj and S2 must be 
calculated If, as is usually the case, aq = Xj , it is clear that 


E — R^-^x^R^—x^ (1) 

Therefore x^ = KR^ -RJE ~1 (2) 

The concentration of barbiturate m and S2 is 


(l.i?l-Xi) 


lO^df 

^nuix. 


pg/ml 



ERi-R^l 

E-1 


lO^M , , 
pg/ml 


( 3 ) 


In the procedure suggested the tissue barbiturate is 
diluted 1 m 40, therefore the concentration of barbiturate 
m the tissue is 


r,„ ERi-R{l4:Xl(PM , 

A-l J 

This formula can be simplified if it can be shown that the 
extmotion due to the impurities does not change significantly 
when the pH is vaned even more, 1 e from 10 to 6 6 or lower 
At pH 10 barbiturates absorb maximally, below pH 6 5 
they cease to absorb altogether Therefore (3) reduces to 


(Rj-Rj) 10® jlf/en,^ pg/ml, (6) 

and (4) to - R2) 4 X 10‘lf / pg /g (6) 

If the extmotion due to the impurities does not remam 
absolutely constant between pH^ and pHj, but shows small, 
determinable, variations, it is possible to correct the error 
mtroduced thereby, as follows 
If Xj=uXj (1) may be written 


E — xdR2~nx^, 

and Xi=KRi-RjJnE~l 

Therefore, (4) becomes 


( 7 ) 

( 8 ) 



es,-r - 

nK - 1 _ 


4x10*41 

-w7~ 

^mai. 


and (6) becomes 


( 9 ) 


(^i-i?2/«)4xlO*4f/Fc,nj^pg/g (10) 


Table 1 Molecular weights and molecular extinctions of barbital and pentobarbital 



Mol wt 

Concentration 

Observed 
extmotion 
at 239 mp 
and pH 10 

0 510 

0 441 

Molecular 

extmotion 

Compound 

Barbital 

PentobarbitaV 

(M) 

184 2 

226 3 

f 

10 

10 

(mu/l ) 

0 064j 

0 044i 

coefficient 

10,501) 

10,000 
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Table 2 Expenmental data on solutions examined 
(Buffers added Sj, borate (0 6m), S^, phosphate (1 Om) ) 


Tissue 

Vol of 



'Vol of 


> 

extracted 

buffer 


Extinction 

buffer 


Extmction 

wet wt 

added 


observed 

added 


observed 

(300-500 mg ) 

ml 

pHi 

fB, 1 cm ) 

ml 

pHs 

{E, 1 om ) 

Rat fiver 

23 

10 0 

0184 

1 06 

80 

0 180 

Rat fiver 

23 

10 0 

0116 

1 00 

80 

0 119 

Rat kidney 

23 

10 0 

0 126 

3 97 

64 

0 128 

Rat heart muscle 

23 

10 0 

0 104 

3 97 

6 4 

0 102 

Barbital 

23 

10 0 

0 672 

1 00 

80 

0 377 

Pentobarbital 

23 

10 0 

0 440 

1 06 

80 

0 258 
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K I 


1 62 1 

1 71 1 


RESULTS 

Elnown amounts of barbital and pentobarbital were 
added to pieces of rat tissue, re extracted and 
estimated according to the method described 
Table 2 shows experimental data and Table 3 the 
results of recovery experiments It will be seen that 
recoveries were satisfactorily constant and close to 
100 % 


Table 3 Recovery of barbital and pentobarbital 
added to various tissues 


Tissue 


Wt 


(wet vri 

Drug 

added 

Reco% ery 

300-500 mg ) 

added 

(pg ) 

(%) 

Rat fiver 

Barbital 

200 

96 


Barbital 

100 

90 


Pentobarbital 

200 

95 


Pentobarbital 

100 

94 

Rat kidney 

Barbital 

200 

91 

Pentobarbital 

200 

84 

Rat-heart muscle 

Barbital 

200 

92 


Pentobarbital 

200 

99 


DISCUSSION 




Published procedures for the estimation of very small 
amounts of barbiturates are based either on the 
cobalt colour reaction or on ultraviolet absorption 
spectrophotometry 

The cobalt colour reaction (Koppanyi, Murphy & 
Krop, 1933, Koppanyi, Dille, Murphy & Krop, 
1934) depends upon the formation of a reddish colour 
when barbiturates m cliloroform solution axe treated 
with a cobalt salt m the presence of wopropylamme or 
some other weakly alkahne reagent The test has 
been repeatedly criticized for its lack of specificity 
(Riley, Krause, Steadman, Hunter & Hodge, 1940) 
and for its relative msensitivity It was ongmaUy 
claimed that the reaction was sensitive to barbital m 
concentrations of 10 yg /ml of the chloroform solu- 
tion used for colorimetry, but Cohen (1946) found 
that the range of concentrations susceptible to 
accurate estimation was 1—10 mg /ml The author 


has found that the colorimetric estimation of con 
centrations smaller than 0 1 mg /ml is difficult and 
maccurate, Heilman, Sliettles & Stran (1943) stress 
the fact that the pmk colour obtamed is transient 
and difficult to read 

Ultrainolet spectrophotometry has formed the 
basis of a number of earlier methods for the quanti 
tative determmation of micro amounts of barbi 
turates The teclimque of HeUman et al (1943) is 
limited to thiobarbiturates Dorfinan & Goldbaum 
(1947) reported experiments with barbiturates and 
referred to a spectropliotometric method (Jailer & 
Goldbaum, 1946, Goldbaum & Hddalgo, 1949), 
but no detailed description of their procedure, 
other than that apphcable to pentothal, is ai’^ailable 
at the tune of writmg 

A^erj' recently, and unknown to the author until 
after the completion of the experimental work, 
Walker et al (1948) have described a spectrophoto 
metric method which is based on considerations 
similar to those underljung the method described m 
this paper These workers, after measurmg the ex 
tmction m aqueous NaOH solution at pH 10, due to 
barbiturate and to mterfermg substances, abolish 
the extmction due to barbiturate by acidification 
with a micro drop of sulphuric acid, and agam 
measure the extmction They find that the extmction 
due to mterfermg substances extracted from blood 
does not alter appreciably between pH 10 and a 
strongly acid reaction, and they are thus able to 
calculate barbiturate concentration firom the simple 
difference m the extmctions measured Then* formula 
is, therefore, essentially the same as equation (6) 
above They suggest that this method might also 
prove apphcable to tissues other than blood The 
present author has not been able to confirm this 
suggestion m the case of hver extracts, mdeed he 
has observed that the extmctions of such extracts, 
obtamed and treated m a manner closely similar to 
that of Walker et al (1948), show variations of up 
to 20 % Only over a relatively narrow range of 
pH have the extmctions been found constant to 
withm the experimental error Another difficulty 



605 


Vol 44 SPECTROPHOTOMETRIC DETERMESTATION OF BARBITURATES 


referrsd to by W^alker et al (1948) is tbat not in- 
frequently acidification with strong acid brings about 
clouding of the solution which is thereby rendered 
useless for further absorptiometry TIiis has not 
occurred m our procedure Moreover, the recoveries 
obtamed by the method of Walker ei al (1948) are 
low, the average bemg 70 % 

Ultraviolet spectrophotometry permits the esti- 
mation of concentrations of barbiturates as low as 
1-2 pg /ml m pure solution Smce the sensitivity of 
a method based on ultraviolet spectrophotometry is 
limi ted by the ratio of the extmction by barbiturate 
to the extmction by mterfermg matter, attempts 
have been made to obtam the drugs from tissue 
extracts m pure solution Earher procedures em- 
ployed charcoal for clearmg the extracts (Delmomco, 
1939, 1940, Lewy, 1940, Anderson & Essex, 1942), 
but charcoal adsorbs significant amounts of barbi- 
turate (HeUman et al 1943) HeUman and co 
workers washed ethereal extracts of the drug from 
blood with 0 6M-Bodium bicarbonate, but accordmg 
to Walker ei al (1948) this agam causes the loss of 
some of the drug Purification of the drugs by 
cliromatography on alumma columns was described 
by Raventos (1946), and their isolation by subh- 
mation was used by Cohen (1946) Various micro 
sublimation procedures were tried here, but it 
was not found possible to ensure purification and 
quantitative recovery simultaneously 

The present method makes a high degree of purifi- 
cation unnecessary, smce it permits accurate esti- 
mation of barbiturate concentrations m the presence 
of unknown impurities In particular, it has the 
followmg advantages 

(1) Barbiturates are highly soluble m 60% 
ethanol, whether the reaction is neutral, acidic or 
basic Ethanol extraction appears to promote full 
recovery of the drugs without mcreasmg the amount 
of impurities extracted 


(2) Absorption spectrophotometry is affected 
neither by traces of ether left m solution, nor by the 
variations m the concentrations of the buffering 
agents, provided use is mside of correspondmg blank 
solutions 

(3) Tlie method has been found to be applicable 
to blood, naturally without prehmmary homogem- 
zation, and with the foUowmg alterations m the 
procedure for protem precipitation To 1 vol of 
whole blood m a boding tube is added one fifth vol 
of molar potassium dihydrogen phosphate which 
brmgs the pH to between 4 6 and 6 0 The tube is 
heated on a bodmg water bath for 3 mm After 
coohng, 2 vol absolute ethanol and 1 vol water are 
added, the mixture shaken and filtered and the 
procedure is then contmued as before 

SUMMARY 

1 A procedure based on ultraviolet spectrophoto- 
metry IS described for the quantitative determmation 
of very small amounts of barbiturates m tissues and 
blood 

2 Complete ehmmation of contaminants is not 
attempted The difficulty due to the simultaneous 
extraction of barbiturate and impurities absorbmg 
m the same region of the idtraviolet is overcome by 
the use of differential spectrophotometry, depending 
on extmction-pH relationships 

3 The procedure is rapid, accurate and sensitive 
and appears to offer some advantages over methods 
previously described 

The author is very grateful to Prof Q R Cameron, P R S 
for suggestmg the mvestigation and for hiB continued help 
and interest, to Prof P G Young, P R S and Prof C 
Rmungton for advice, and for facikties and apparatus 
kindly put at his service, to Dr J D Judah for active 
CO operation, and to Dr W E van Heyningen and Mr H 
Heath for helpful diaouBaions 
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Nicotinamide Biosynthesis by Intestinal Bacteria 
as Influenced by Methyltryptophans 

By P ELLINGBR and M M ABDEL KADER, Lister InstitMe of Preventive Medicine, London 

{Received 8 October 1948) 


In recent papers (EUmger & Abdel Kader, 1947, 
1948, 19496) it has been shown that Bacterium colt 
{Escherichia coli) was able to synthesize nicotin- 
amide from ormtlune, but not from tryptophan, and 
that mixed cultures from faeces or caecum contents 
could synthesize mcotmamide also from tryptophan 
It was suggested that m the conversion of tryptophan 
to mcotmamide, ormthme was formed as mter- 
mediate by a cleavage of the tryptophan molecule 
It was hoped that the utihzation by the mtestmal 
flora of methyltryptophans with the methyl group 
m various positions, i e m the alanme side cham, m 
the pyrrole and m the benzene nucleus, nnght tlirow 
some hght on this theory Tins was not so for reasons 
to be discussed later, but the experiments provided 
other results winch are to be presented m tins paper 

METHODS 

The expemnents were earned out in vitro mth mixed 
cultures from rat caecum contents, consistmg mainly of 
oohform bactena, staphylococci, Streptococcus faecalts, 
plenty of ein umdentified coccus growmg m very small 
colomes and pure cultures of Bad coh 4c (Type I faecal, 
Mmistry of Health, 1939) The techmque used was mainly 
that desonbed before (EUmger & Abdel Kader, 19496) 
Growth was measured by assessing opacity with the Brown 
scale 

The foUowmg compounds were tested dl ormthme, 
DL tryptophan, dl 2 methyl , DL-4-methyl-, dl 6 methyl , 
and DL 7 methyl tryptophans,* and L-a methylammo ^ (3- 
mdolyl) propiomc acid (abnn) The 2,4,6 and 7-methyl 
tryptophans were kmdly supphed by Dr H N Rydon who 
desonbed their preparation and properties (Rydon, 1948) 
Abrm was prepared from the seeds of Ahrus praecatorius by 
a method similar to that of Hoshmo (1936) The seeds were 
cracked and the husks removed, the cotyledons were then 
ground to a fine powder, dned in vacuo over PjOj and 
extracted with ether to remove as much as possible of a 
yeUow od which mterferes with the precipitation of the abrm 
The powder was filtered off and extracted to exhaustion 
with methanol m a shakmg maohme at room temperature 
(6-6 hr ) The powder was filtered off and washed with 
methanol Edtrate and washmgs were evaporated to dryness 
at reduced pressure When the dry residue was washed with a 
httle cold water the abrm separated as a white powder which 
was purified by further washmgs with cold water on the 
oentnfuge It was then reciystallized several times fium hot 
water, m p 292° (deoomp ) 

Media of ammommn lactate (Elides, 1938) oontainmg one 
of the compounds mentioned m 2 mu concentration were 
mcubated with suspensions of mixed cultures of caecum 
contents of rats In another senes the same media contaimng 

* The numbers 2, 4, 6 and 7 refer to the positions m the 
indole nucleus, the usual convention being followed 


ormthme or tryptophan alone, or ormthme plus either 
tayptophan or one of the vanous methyltryptophans, were 
mcubated with a pure culture of Bad coh 4c In a third 
senes ammomum lactate contaimng ormtlune and one of 
the five methyltryptophans m concentrations from 0 01 to 
2 nm was mcubated with Bad cob 4 c for 72 hr In all three 
senes growth and mcotmaimde formation wore estimated as 
before (EUmger &, Abdel Kader, 19496) 

The effect of the methyltryptophans on acid pro 
duction by Lactobacillus arabinosus had to be tested, 
smce it was the basis for the assay of mcotmamide 
For tins purpose the Barton-Wnght (1944) media 
contammg one of the methyltryptophans m 2 ruM 
concentration, the concentration present m the 
assay, were moculated with a suspension of Lb 
arabinosus and the acid formed was estimated after 
mcuhation for 72 lir at 37° 

In order to obtam information about the effect of 
the different methyltryptophans on the growth of 
the vanous mtestmal bactena, agar plates were 
moculated with equal amounts of the 24 hr cultures 
usmg standardized Pasteur pipettes and mcubated 
for 48 lir Separate counts were made for the most 
frequent bacteria They were compared with 
similarly made plates from cultures m pure am- 
momum lactate 

RESULTS 

In pure cultures of Bad colt 4 c growth was very 
httle affected hy any of the compounds tested 
(Table 1 ) Nicotmamide formation from ammomum 
lactate was shghtly inhibited by tryptophan and 
mcreased m the usual way by ormthme (EUmger & 
Abdel Kader, 19496) The mcotmamide formation 
from ormthme was shghtly inhibited (by 6%) by 
tryptophan and by abrm (by 14%) and completely 
inhibited by 2-, 4-, 6- and 7 -methyltryptophans 
m 2 mM concentration In smaUer concentrations 
(Table 2) growth was very httle affected, and, if so, 
shghtly mcreased, only once a shght inhibition (by 
6 %) was observed ivith one concentration of the 
7 -methyl derivative, this was wit h i n the limits of 
error of the method Nicotmarmde formation was 
inhibited to different degrees, nsmg with the con- 
centrations of 2-, 4-, 6 and 7 methyltryptophans, 
and hardly inhibited by abrm 

In the experiments (Table 3) usmg mixed cultures 
from the caecum content, growth was not markedly 
affected by any of the compounds tested The viable 
counts from 24 hr cultures showed an un dimmi shed 
growth of cohforms Kicotmamide production was 
stimulated by ormthme and tryptophan and by 
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Table 1 Effect of ormtlnnc, tryptophan and ormthinc phis tryptophan or one of five mcthyltryptophans 
on growth and nicotinamide formation by Baoteniim cob 4c in ammonium lactate nwdium 


Ckirapo\uid tested 
(2 DIM) 

None 

Dii-Ormtlime 
DL Tryptophan 
DL Ornithine + DL tryptophan 
DL Omithme + DL 2 methyltiyptophnu 
DL Ornithine + dl-4 methyltryptophan 
DL-Omithine + dl 6 methyltryptophan 
DL Ornithine + DL 7 methyltryptophan 
DL Ormthine + L abnn 


Nicotinamide formed 


Growth 

t 

(mpg /ml 

(% of omithmo 

{% of control) 

medium) 

control) 

100 

10 

29 

100 

36 

100 

100 

8 

23 

100 

33 

94 

100 

0 

0 

100 

0 

0 

100 

0 

0 

100 

0 

0 

100 

30 

86 


CeU content of mooulum ahont G x lO^/ml , of oiiltiires after 48 hr growth, about 380 x lO^/ral 


Table 2 Effect of various concentrations of 2-, 4-, 6- and 7 mcthyltryptophans and of abnn, on growth 
and nicotinamide formation by Bacterivun cob 4 c in ornithine ammonium lactate medium 


2 Methyltryptophan 


4 Methyltryptophan 

A, 


Nicotmamido formed 


Nicotinamide formed 


methyltryptophans 

(mil) 

Growth 
(% of control) 

t 

(mpg /ml ) 

(% of control) 

Groudli 
(% of control) 

/ 

(mpg /ml ) 

(% of control) 

0 

100 

29 

100 

100 

26 

100 

0 01 

126 

20 

69 

100 

18 

69 

0 03 

126 

20 

69 

100 

16 

68 

01 

125 

16 

62 

100 

14 

54 

03 

126 

6 

21 

100 

6 

23 

10 

100 

25 

9 

100 

6 

19 

20 

100 

0 

0 

100 

0 

0 


6 Methyltryptophan 


7 -Methyltryptophan 

Abnn 


Concen 

t 

A 

" ■ \ 


A 


i 

A 

\ 

trations 


Nicotmamide formed 


Njcotmaimde formed 


Nicotinamide formed 

r^TTl 

Growth 

A 


Growth 

A 


Gro\vth 

A 


ox mowkiyt 

( 

> 

t 

" 

t 

\ 

tryptophans 

(% of 


(% of 

(% of 


(% of 

(% of 


(% of 

(mM) 

control) 

(mpg /ml ) 

control) 

control) 

(mpg /ml ) 

control) 

control) 

(m/ig /ml ) 

control) 

0 

100 

29 

100 

100 

26 

100 

100 

29 

100 

0 01 

126 

28 

96 

100 

14 

54 

100 

29 

100 

0 03 

126 

27 

93 

100 

13 

60 

100 

29 

100 

01 

126 

23 

79 

100 

6 

23 

160 

28 

96 

03 

126 

14 

48 

100 

37 

14 

160 

27 

93 

1 0 

100 

6 

21 

96 

26 

10 

100 

26 

89 

20 

100 

0 

, 0 

100 

0 

0 

100 

26 

86 


Inoculum for 2- and 6 methyltryptophans and for abnn, 62 x 10* cells, and for 4- and T-methyltryptophans 61 x 10* 
cells, growth of control after 72 hr , 76 x 10“ oeUs/ml 
Another similar experiment gave similar results 


Table 3 Effect of ornithine, tryptophan and five mcthyltryptophans on growth and nicotinamide formation 
by mixed cultures from rat caecum contents in ammonium lactate medium 


Growth 
(% of control) 

Compound tested , - 


(2 mM) 

Exp 1 

Exp 2 

None 

100 

100 

DL Omithme 

100 

64 

DL Tryptophan 

100 

100 

DL 2 Methyltryptophan 

100 

100 

DL 4-Methyltryptophan 

100 

100 

dl-5 Methyltryptophan 

166 

100 

DL 7 Methyltryptophan 

166 

100 

L Abnn 

100 

100 

or more expenments showed 

complete inhibition m one 


7 methyltiyptophans 


Niootmanude formed 


(m/xg /ml medium) 

A. 

(% of control) 

Exp 1 

Exp 2 

Exp 1 

Exp 2 

10 

6 

100 

100 

22 

66 

220 

933 

18 

27 

184 

460 

6 

0 

60 

0 

6 

0 

60 

0 

6 

0 

60 

0 

8 

0 

80 

0 

19 

29 

186 

483 


case and partial inhibition in three cases by 2 , 4 , 6- and 
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abrui to the same extent as by tryptoplian In 
Exp 1, Table 3, it was inlnbited to a considerable 
but varymg degree, and m Exp 2 completely, by the 
2-, 4-, 6 and 7 methyltryptophans m concentrations 
of 2 mw 

Table 4 Ejfect oj tJie five methyltryptopha^ia on the 
acid prodiiction by Lactobacillus arabmosus in 
Barton Wnght medium 

Acid produced/ml medium 

Compoimd tested , L 

(2 mM) (ml 0 In NaOH) (% of control) 


Control 

0 672 

100 

DL 2 Methyltryptophan 

0 680 

101 

dd-4 Methyltryptophan 

0 684 

102 

DL 5 Methyltryptophan 

0 684 

102 

DL 7 Methyltryptophan 

0 264 

37 

L Abrm 

0 692 

103 


Growth of Lb arabmosus m the Barton-Wright 
medium was inhibited by 7 -metbyl tryptophan and 
unaffected by the others (Table 4) This allows the 
use of the bacterium for quantitative assay for all but 
the 7-methyl derivatives Smce the mliibition of Lb 
arabmosus by this compound was incomplete, it could 
be concluded that the 7 -methyl tryptophan also mter 
fered with the mcotmamide synthesis by Bact coli 
The viable counts of the mixed cultures from 
the caecum contents did not show any marked 
diminution of the mam representatives of the 
mtestmal flora by any of the methyltryptophans 
m 2 mil concentration 

DISCUSSION 

Inhibition of growth by the various methyltrypto- 
phans with methyl groups m the mdole nucleus has 
been observed for Bacterium typhosum, for which 
tryptophan is an essential nutrient, by Fddes & 
Rydon (1947) Bact coli does not need tryptophan 
for growth, and, as would be expected, the methyl- 
tryptophans m concentrations up to 2 mil did not 
mterfere markedly with the growth of Bact coli, 
although Anderson (1946) observed complete m- 
hibition of growth of a certam stram by 6 methyl- 
tr5q)tophan (Rz-3-methyltryptophan) m concen- 
trations of 18 fiM The difference might be due to the 
stram, the nature of which is not described by 
Anderson The non-utflization of the 2-, 4-, 6- and 
7-methyltryptophans by Bact coli made it im 
possible to draw any conclusions on the chemical 
mechanism of the tryptophan mcotmamide con- 
version The similarity of the action of abrm and that 
of tryptophan is paralleled by the findmgs of Gordon 
& Jackson (1936) that growmg rats fed on a trypto 
phan-free diet can utdize abrm and suggests that 
m both cases a demethylation of the a-N atom takes 
place The 2- and 6 -methyltryptophans seemed to 
have an action antagonistic to tryptophan m 
Gordon & Jackson’s experiments The fact that, m 
the experiments with mixed cultures, mcotmamide 
synthesis was entirely inhibited m only two cases 
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and partly m the four others might be due to the 
fact that, m the mixed culture, part of the methyl 
tryptophans might have been used up by non 
cohform bacteria 

In lower concentrations small differences m m 
hibition of mcotmamide synthesis by the various 
methyl derivatives were observed, but they were too 
small to justify the drawmg of any conclusion on the 
relation between degree of inlnbitory action and 
molecular structure, as discussed by Fddes & Rydon 
(1947) for Bact typhosum The mlubition of the 
mcotmanude formation by the 2-, 4 , 6- and 7 
methjdtrjqitophans, m the light of the theory of the 
action of metabolite antagonists as formulated by 
Fddes (1940), suggests that tryptophan is normally 
mvolved m this process The mode of this action is 
obscure and needs further mvestigation In a recent 
paper Held el berger, Gullberg, Morgan &LepkowBl£y 
(1948) have shown that after administration of dl 
tryptophan, labelled with m the p position, to 
rabbits, dogs and rats the urme contamed labelled 
Icynuremne and Icynurenic acid The mcotmamide 
methochloride isolated from the urme of all three 
species was not radioactive It was surpnsmg that 
this compound was isolated from the urme of rabbits 
since these ammals are knoivn not to synthesize tins 
compound m normal circumstances (for hterature, 
see Elhnger & Abdel Kader, 1949a) These findmgs, 
combmed with the findings of tins paper, suggest the 
possibihty that the mcotmamide saving action of 
tryptophan is not due to a direct conversion, but to 
a stimulatmg effect of tryptophan on the biosyn 
thesis mechanism If this supposition should prove 
to be correct it would entirely change our conception 
of the mcotmamide savmg action of tryptophan, and 
attribute to tryptophan a cataljdic coenzyme hke 
action on the enzjune system mvolved m the 
synthesis of mcotmamide 

Tlie difference m the action of tryptophan on the 
mcotmamide synthesis by mixed cultures of m 
testmal bacteria on one hand and that by pure 
cultures of Bact coli on the other (Elhnger & Abdel 
Kader, 19496) could be explamed m the foUowmg 
way pure Bact coli produces sufficient tryptophan 
to mamtam the optimum rate of mcotmamide 
synthesis, while m mixed cultures non coliform 
organisms consume so much tryptophan that extra 
tryptophan is needed for a ma xim um formation of 
mcotmamide The inlnbition of the growth of Lb 
arabmosus by 7-methjdtryptophan alone of all 
methyltryptophans exammed is also obscure The 
tryptophan -like action of abrm might be due to the 
greater instabihty of this compound which is pro- 
bably demethylated easily to tryptophan 

SUMMARY 

1 The effect of 2 , 4-, 6- and 7 methyltryptophans 
and of abrm on growth and mcotmamide formation 
by pure cultures of Bacterium colt (Bschenchict coh) 



609 


Vol 44 


NICOTINAMIDE BIOSYIITHESIS AND METECYLTRYPTOPHANS 


and mixed cultuires of rat caecum contents and on 
the acid production by Lactobac^Uiis arabtnosns has 
been studied 

2 Growth of Bad coh or of mixed cultures was 
not markedly affected by any one of the methyl- 
tryptophans m the concentrations used , that of Lb 
arabirwsus was considerably inhibited by the 7- 
methyl compound 

3 Nicotmanude synthesis from ornithme or 
ammonimn lactate by Bacf coh was completely in- 
hibited by 2 mM and correspondmgly less by lower 
concentrations of 2 ,4,6 and T-methyltrjTitophanB, 


but not by abnn Nicotmamide synthesis by mixed 
bacteria from the rat caecuih contents was either 
completely or partly mliibited by the former at 
2 mM and not affected by the latter compoimd These 
findmgs suggest that tryptophan is involved m the 
bacterial biosynthesis of nicotmamide 

The authors are greatly indebted to Dr H N Bydon for 
the supply of samples of 2 , 4 , 6 and 7 methyltrjptophans 
They wish to express their thanks to Dr A Emmnnueloua 
for platmg and countmg the intcstmal bacteria The work 
was earned out with a grant for expenses from the Medical 
Research CSouncil to one of the authors (P E ) 
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The Linkage of Glutamic Acid in Protein Molecules 

By F HAUROmTZ* Aim F BURSA 

Department of Biological and Medical Ghemietry, University of Istanbul, Istanbul, Turkey 

{Deceived 30 August 1948) 


The experiments presented m tins paper were carried 
out to answer the question as to whether the y- 
CEtrboxyl groups of glutamic acid are mvolved m the 
formation of bonds mprotem molecules The possible 
existence of such bonds m proteins is suggested by 
the fact that y linked glutamic acid residues have 
been found m glutathione, m the capsular substance 
of BacaUus anihrams (Bovarmck, 1942, Hanby & 
Rydon, 1946) and m fobc acid (Boothe, Mowat, 
Hutchmgs, Angler, Waller, Stokstad, Semb, Gazzola 
<fc Subbarow, 1948) Different modes of combmation 
of the y carboxyl groups of glutamyl residues m 
pro terns can be considered ( 1 ) formation of a peptide 
bond with the terminal ammo group of a peptide 
cham, (2) ester Imkages with hydroxyl groups of 
hydroxy ammo acids and (3) thio -ester linkages with 
cysteme molecules of a peptide side cham (Chibnall, 
1942) Smee the y substituted glutamyl residues 
could give rise to branching of the mam peptide 
cham, the problem of y substitution is of great im 
portance 

In order to test protems for the presence of y- 
substituted glutamyl residues we subjected them 

Rresent address Department of Chemistry, Indiana 
University, Bloomington, Indiana, USA 


to the followmg senes of procedures (a) partial 
digestion with trypsm, (6) oxidation, (c) extraction 
of the acidified solution with ether (ether extract 1), 
(ci!) total hydrolysis, (e) extraction of the acid hydro- 
lysate with ether (ether extract 2) and (/) deter- 
mination of succmic acid m the last ether extract 
Suocmic acid found m ether extract 2 was considered 
as origmatmg from the y glutamyl residues The 
above mentioned method is based on the fact that 
the y-peptide bond of glutatluone is more resistant 
to trypsm than are the normal a-peptide bonds 
(Grassmann, Dyckerhoff & Eibeler, 1930, Kendall, 
Mason & McKenzie, 1930) It was expected, there- 
fore, that at least a part of the a- and y-substituted 
glutamyl residues (formula I) would be transformed 
mto y-glutamyl peptides (formula II) by the action 
of trypsm 

(I) Ri GO CH(NHE2) CHj CH, CO 
Trypam 

(n) HOOC CHfNHa) CH, CH. CO B> 

NaOBr | 

(EH) HOOC GHj CHj CO^ 

HCl I 

(TV) HOOC CH, OH, COOH 
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The reactions (6)-(e), by winch the y-glutamyl 
peptide (II) IS oxidized to the succinyl peptide (HI) 
and hydrolyzed to succmic acid (TV), have been 
used by Quastel, Stewart & Tunmchffe (1923) and 
by Kendall etal ( 1 930) m their work on glutathione 
Then methods had to be modified because of the 
small amounts of succmic acid to be expected 

EXPERIMENTAL 

Partial hydrolysis with trypsin Caaem (Merck) and edestm 
(Schuohardt) were commercial preparations Ovalbumin 
was prepared aocordmg to Kebwick Cannan (1936), serum 
albumm fiom ox serum by fiaotional precipitation with 
(NH4)2S04, and haemoglobin from horse blood by the 
ethanol method (Hoppe Seyler, 1878) Smco native oval 
bumin and serum albumin are scarcely attacked by trypsm, 
these protems were denatured by keepmg then aqueous 
solutions m a boihng water bath for 30 mm We are grateful 
to Dr H N Rydon (Bnkbeck College, Umversity of London) 
for a sample of the capsular substance of R anthracis Each 
of the protems (2 g ), dissolved or suspended m water, was 
mixed with 0 2 g of trypsm (Merck) and 1 ml of toluene 
The pH was adjusted to 8 6 by the addition of n NaOH and 
the volume brought to 100 ml by addmg water The mixtures 
were kept at 38° for 24 hr , those contammg the albumins for 
48 hr The pH was kept near 8 6 by addmg small amounts of 
N-NaOH from tune to tune The rate of hydrolysis was deter- 
mmed m control tests run under the same conditions with 
200 mg of protem and 20 mg oftiypsm At 0, 24 and 48 hr , 
2 ml of neutralized 30% (w/v) formaldehyde and 0 2 ml of 
a 1% solution of phenolphthalem were added and the 
amount of hydrolysis determmed by titration with 0 In 
N aOH The volumes of NaOH recorded m Table 1 mclude 
those added to the protem samples to mamtam the pH at 8 6 

Table 1 Action of trypsin on proteins 

(Protem (200 mg ) , trypsm (20 mg ) , extent of hydrolysis 
determmed by formol titration usmg 0 1 N NaOH Figures 
m brackets show mcreases m NaOH titres over those at 
zero time ) 

Protem 0 1 N-NaOH used for neutralization 



0 hr 

24 hr 

48 hr 


(ml) 

(mk) 

(ml) 

Casern 

28 

8 6 (6 7) 

10 8 (8 0) 

Edestm 

0 64 

6 6 (6 9) 

7 6 (7 0) 

Ovalbumm 

0 86 

4 9 (4 0) 

7 2 (6 3) 

Serum albumm 

22 

6 6 (4 3) 

8 0 (6 8) 
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The amount of the capsular substance of B anthracis was too 
small to permit formol titration All of this substance 
(60 mg ) was treated with 6 mg of tiypsm m 6 ml of water 
for 24 hr 

Oxidation The tryptic hydrolysate from 2 g of protem was 
mixed at 0° with 240 ml of a cold 1 % (v/v) solution of Br, 
m0 6N-NaOH After 5 mm the mixture was acidified with 
glacial acetic acid, and 20 g of KI were immediately added 
The volume of the solution was reduced to 40-60 ml by 
evaporation in vacuo and HCl was added imtd congo red 
paper gave a blue colour The solution was extracted con 
tmuously with ether for approximately 100 hr (ether 
extract 1 ) It was then mixed with 2 voL of concentrated Ed 
and refluxed for 4 hr The hydrolysate was evaporated to 
a small volume, diluted with water and extracted with ether 
for 16 hr (ether extract 2) 

Determination of succmic acid The ether extracts were 
evaporated, dissolved m a small volume of water, filtered 
and evaporated to dryness To the residues, dissolved m 1 ml 
of water, an excess of finely powdered Ba(OH)j 8H1O and 
9 ml of ethanol were added The msoluhle Ba succmate was 
centrifuged, dissolved m dilute HCl, evaporated to dryness 
and extracted repeatedly with 3-6 ml of ether The ether 
extracts were evaporated, dned, weighed and analyzed for 
then* succmic acid content aocordmg to Krebs (1937), 
washed pigeon-hreast muscle bemg used as source of enzyme 
The results of the analyses are shown m Table 3 

Control experiments In Exps 1-7 and 10 (Table 4) no 
trypsm was used The substrates were oxidized directly by 
NnOBr Casern (Exp 1) was dissolved m 100 ml of water by 
addmg the required amount of n NaOH Casein hydrolysate 
(Exp 2) was obtamed by boihng 0 5 g of casern with 20 ml 
of 20% (w/v) HCl for 4 hr ,’ conoentratmg and nentrahzmg 
the aqueous solution In Exps 8 and 9 the substrates were 
treated with one tenth of their weight of trypsm and kept at 
38° for 24 hr The ammo acid mixture (Table 4, Exp 10) 
oontamed 100 mg of each of the foUowmg glyome, alanme, 
serme, cystme, vahne, leuome, isoleucme, aspartic acid, 
phenylalanme, tyrosme, argmme and histidme, together 
with 60 mg of lysme, 60 mg of tryptophan and 100 mg of 
glucose In all these experiments (see Table 4) the oxidation, 
extraction and hydrolysis with HCl were earned out as 
described m the precedmg sections In another control 
experiment glutamic acid (100 mg ) was boiled with 20 ml 
of 23 % (w/v) HCl contammg 1 g of KI and approximately 
0 1 g of L After 4 hr the solution was extracted con 
tmuously with ether and the extract exammed m the 
usual manner No suoomic acid was found 

Determination of glutamine in the tryptic hydrolysate Each 
of the hydrolysates (0 6 ml eqmvalent to 10 mg of protem) 
was brought to pH 3 6 by the addition of 0 1 n-HCI and kept 


Table 2 Determination of glutamine and of pyrrolidone carboxylic acid in the tryptic hydrolysate 


Consumption of 0 04 N HCl 



Before 

After 


heatmg 

heating 

Protein 

(mk) 

(ml) 

Casern 

0 026 

0 060 

Edestm 

0 020 

0 062 

Ovalbumm 

0 106 

0 190 

Serum albumm 

0 oil 

0 036 

Haemoglobm 

0 010 

0 032 


• ChibnaU (1946) 

t Shemm (1946) 


Found m 2 g of protem 
* 


Pyrrohdone 

carboxyhc 

acid 

Glutamme 

Total 

glutarmo 

acid 

(mg) 

(mg) 

fmg) 

26 

41 

440* 

21 

49 

410* 

109 

99 

320* 

11 

28 

340t 

10 

26 

170i 


t Foster (1945) 



611 


THE LINICAGE OF GLUTAaHC ACID IN PROTEINS 


Vol 44 

m a boiling water bath for 2 6 hr The amount of NH 3 
present before and after boiling was determined according to 
Conway (1933), 0 OfN HCl bemg used for the titration of 
the NH 3 absorbed by the bone acid (Table 2) Asparagme is 
not spht noticeably under these conditions (GhibnaU 
WestoU, 1932) 

RESULTS 

Table 1 shows that 35-40 % of the peptide bonds of 
the proteins examined were spht by the action of 
trypsm under the conditions of our experiments 
Smee y-glutamyl bonds are slowly hydrolyzed by 
water at 38°, the duration of the digestion was 
reduced by employing relatively large amounts of 
trypsm Table 4 (Exp 9) shows that a considerable 
part of the glutatluone resisted hydrolysis under the 
same conditions, but that another part was spht as 
shown by the yield of succmic acid m ether extract 1 
The oxadizmg agents used by Quastel et al ( 1923) 
and by Kendall et al (1930) were hydrogen peroxide, 
hypobromite or chloramme T ^Vllen the methods 
of these authors were apphed to protems, large 
amounts of succmic eicid were found m the ether 
extract 2 (Haurowitz & Vardar, 1944) Later m- 
vestigations showed that the destruction of hydrogen 
peroxide and of hypobromite is not complete m 
these methods, so that a further oxidation occurs 
durmg the hydrolysis with hydrochlonc acid 
(Sohwerm, Kara & Tanasoglu, tmpubhshed results) 


Much lower results were obtamed with chloramme 
T, winch can easily be removed from the reaction 
mixture, but smee the action of olilorammo T re- 
quires temperatures of 40°, and smee y glutamyl 
bonds are unstable at these temperatures m acid 
solutions, we preferred to use hypobromite at 0 ° 
Goldsclunidt & Strauss (1929) removed the excess of 
hypobromite by addmg the calculated amount of 
hydrogen peroxide It is hardly possible, however, 
to avoid a small excess of either peroxide or hypo- 
bromite We therefore destroyed the peroxide by an 
excess of potassium iodide added m slightly acid 
solution The buUc of the lodme formed was removed 
bj"- the first ether extraction, so that it could not act 
as an oxidant durmg the subsequent acid hydrolysis 
Table 3 shows that 2 g of protem on oxidation 
furnished 8-29 mg of succmic acid before hydrolysis 
with hydroclilonc acid (ether extract 1 ), and only 
0 8-1 7 mg of succmic acid after hydrolysis -with 
acid (ether extract 2) The succimc acid found m 
ether extract 1 origmates from the oxidation of 
glutamic acid and glutamme, both present m the 
trjqitic hydrolj^sates of protems Only the succimc 
acid m ether extract 2 can arise from y-glutamyl 
peptides of the formula n 

In view of the small quantities of succimc acid 
found m the ether extracts 2 , it was very important 
to remove all of the succmic acid which had been 


Table 3 Determxnahon of sttccimc acid tn partmlly digested and oxrdizcd proteins 
before and after hydrolysis with hydrochloric acid 


Protem 

Wt 

(g) 

Casern 

20 

Edestm 

20 

Ovalbumm 

20 

Serum albumm 

20 

Haemoglobm 

20 

Capsular substance of B 

0 05 

anthracis 


Ether extract 1 
(before HCl hydrolysie) 







Succimc acid m 


2 g of lO'ig of 


Wt 

~ D -- 

protein 

protem 

(mg) 

(mg) 

(mol ) 

88 

29 

12 

121 

24 

10 

92 

14 

0 

138 

23 

10 

120 

8 

3 

3 

03 

6 


Ether extract 2 
(after HCl hydrolysifl) 


Succimc acid m 


Wt 

2 g of 

10 '* g of 

protem 

protem 

(mg ) 

(mg ) 

(mol ) 

15 

1 6 

0 64 

18 

1 1 

0 47 

30 

08 

0 34 

12 

1 1 

0 47 

39 

1 7 

1 4 

1 6 

048 

81 


Exp 

no 

1 

2 

3 

4 
6 
6 

7 

8 
9 

10 


Table 4 Determination of succinic acid in control expenments 


Substrate 

Casein 

Casern hydrolysate 
Glutanuc acid 
Prohne 

Hydroxyprohne 

Methionine 

Pyrrohdone carboxyho acid 

Glutamine 

Glutathione 

Ammo acid mixture 



Hypo 


brormte 


solution 

Wt 

added 

(g) 

(ml) 

60 

200 

06 

190 

0 09 

24 

0 05 

6 

01 

10 

0 1 

27 

02 

20 

01 

26 

0128 

30 

14 

140 


Ether extract 1 


A 

Total 

\ 

Succmic 

vrt 

acid 

(mg) 

(mg) 

6 

04 

86 

37 

63 

46 

3 

1 0 

04 

0 

— 

012 

97 

46 

28 

18 

94 

47 

36 7 

20 


Ether extract 2 

Total Succmic 
wt acid 

(mg ) (mg ) 

6 06 

0 0 

0 0 

04 0 

0 0 

0 0 

0 6 0 07 

0 97 0 01 

11 2 8 0 


512 


F HAUEOWITZ Am> F BURSA 


formed before hydrolysis For this reason the ex- 
traction with ether was contmued for several days, 
untd the extracts were free even of traces of succuuc 
acid Under these conditions no succuuc acid passed 
into ether extract 2 after the oxidation and hydro- 
lysis of glutamic acid, prohne, hydroxyprohne, me- 
thionme and of the ammo acid mixture examined 
(Table 4, Exps 2-6) On the other hand, gluta- 
thione gave nse to large amounts of succinic acid m 
extract 2 

Glutamme and pjrrrohdonecarboxyhc acid gave 
traces of succmic acid m ether extract 2 (Table 4, 
Exps 7 and 8) It was necessary, therefore, to deter- 
mme both these substances m the tryptic hydroly- 
sates Smce pyrrohdonecarboxyhc acid is formed 
from glutamme, its amount is approximately eqm- 
valent to the quantity of arrunoma found before 
heatmg at pH 3 6, while the amount of glutamme is 
eqmvalent to the ammoma formed durmg the 
heatmg Accordmg to Table 2 the amount of pjuro- 
hdonecarboxyhc acid varies from 10 to 109 mg , 
that of glutamme from 26 to 99 mg /2 g of protem 
digested The amounts of succuuc acid to be expected 
from these quantities of glutamme and of pyrro- 
hdonecarboxyhc acid, accordmg to Table 4, are 
so small that they would not noticeably affect 
the values of succuuc acid passmg mto the ether 
extract 2 (Table 3) 

DISCUSSION 

The amount of succuuc acid found after hydrolysis 
of the oxidized peptides is very small (Table 3) If 
molecular weights of 100,000, 309,000, 44,000, 68,000 
and 68,000 are assumed for casern, edestm, oval- 
bumm, serum albumm and haemoglobm respectively, 
the number of y glutamyl bonds per protem mole- 
cule would be 0 64, 1 46, 0 16, 0 32 and 0 96 These 
figures, however, have to be considered as minim um 
values The actual number of y-glutamyl bonds is 
certainly higher for the foUowmg two reasons (a) a 
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considerable part of the y-glutamyl bonds is spht 
durmg the treatment with trypsm at 37°, as shown 
bji^ the experiment on glutatluone (Table 4) , (6) less 
than one molecule of succuuc acid is formed, when 
glutanuc acid or glutathione are oxidized (Table 4, 
Exps 3 and 9) We are thus unable to calculate the 
real number of y glutamyl bonds per protem mole 
cule, and we have to content ourselves with the 
result that such bonds are present and that their 
number m the proteins exammed is very low Tlie 
assumptions of ChibnaU (1942) and of Haurowitz & 
Vardar (1944), that some of the y carboxyl groups 
of glutanuc acid are hnked to other groups m pro 
tern molecules, are supported by these results Much 
larger quantities of succmic acid were found m the 
ether extracts 2 of the capsular substance of B 
anthracis Accordmg to Hanby & Rydon (1946) this 
substance has a molecular weight of 50,000 or more, 
and IS bmlt up exclusively of chains of 60-100 a 
glutamyl residues mterhnked by y glutamyl bonds 
Our results agree with this view The problem of 
oham branchmg is not solved by our results for the 
y hnked glutamyl residues can be bound according 
to the formulae NH CH(COOH) OHj CHj CO B, 
without any ramification of the peptide cliams 

SUMMARY 

1 Casern, edestm, ovalbumm, serum albumm, 
haemoglobm and the capsular substance oi Bacillus 
anthracis were partially digested with trypsm, and 
the resultmg peptide mixture was tested for the 
presence of y glutamyl peptides by oxidizing it with 
sodium hypobromite Succmic acid was removed by 
ether extraction and the succmyl peptides, insoluble 
m ether, were hydrolyzed by hydrochloric acid 

2 The amounts of succmic acid obtamed by this 
procedure mdicate the presence of a smaU number of 
y-glutamyl bonds m the proteins exammed, and of 
a much higher number of such bonds m the capsular 
substance of B anthracis^ 


REFERENCES 


Boothe, J H , Mowat, J H , Hutchings, B L , Angier, R B , 
Waller, C W , Stokstad, E L R , Semb, J , Gazzola, A L 
& Subbarow, T (1048) J Amer chem Soc 70, 1099 
Bovamiok, M (1942) J hwl Chem 146, 416 
ChibnaU, A 0 (1942) Proc Roy Soc B, 131, 136 
ChibnaU, A C (1946) J %nt Soc Leath Chem 30, 1 
ChibnaU, A C & WestaU, R G (1932) Biochem J 26, 122 
Conway, E J (1933) Btochem J 27, 430 
Foster, G (1946) J bwl Chem 169, 431 
Goldschmidt, S & Strauss, K (1929) Liebxgs Ann 471,1 
Grassmann, W , Dyckerhoff, H iStEibeler, H (1930) Hoppe 
Seyl Z 189, 112 


Hanby, W E & Rydon, H N (1946) Biochem J 40, 297 
Haurowitz, F & Vardar, M (1944) C R Soc turq Set not 
11, 33 

Hoppe Seyler, F (1878) Hoppe Seyl Z 2, 149 
Kekwiok, R A & Cannan, R K (1936) Btochem J 30, 
227 

KendaU, E C , Mason, H L & McKenzie, B F (1930) 
J hwl Chem 87, 65 

Krebs, H A (1937) Bwchem J 31, 2096 
Quaatel, J H , Stewart, C F & Tunniohffe, H E (1923) 
Biochem J 17, 691 

Shemm, D (1946) J hwl Chem 169, 439 



Displacement Chromatography on Synthetic Ion -exchange Resins 

2 THE SEPARATION OF ORGANIC ACIDS AND ACIDIC AMINO ACIDS 
BY THE USE OF ANION -EXCHANGE RESINS 


613 


By S M PARTRIDGE AOT> R C Temperature Station for Research in Biochamstry 

and Biophysics, University of Cambridge 

{Received 4 November 1948) 


The apphcation of the principle of displacement 
chromatography to the separation of bases and 
ammo acids on columns packed with the cation- 
exchange resm Zeo Karb 216 has been described m 
Part 1 of this commumcation (Partridge & WestaU, 
1949) It IS expected that this method will prove to 
be of value m the isolation of bases and ammo acids 
from biological extracts of various kmds, and that it 
will also facihtate the fractionation of protem hydro- 
lysates on a rather larger scale than has been possible 
hitherto Smee all the ammo acids commonly found 
m proteins are adsorbed by Zeo-Karb 216 and other 
cation exchangers of a similar type, the use of these 
resins conEtvbu.t63 a means of carrying out the first 
fractionation of a protem hydrol5^te mto a senes 
of groups of ammo -acids of similar aflSmty for the 
cation exchanger 

The data given m Peurt 1 show that although 
aspartic acid should be separable from a protem 
hydrolysate m a pure condition, glutaimc acid wiU 
appear m a mixed fraction contammg serme and 
threomne, thus further means are required to 
separate glutamic acid from the two hydroxyammo- 
acids Smee several excellent methods have been 
desenbed for the separation of glutamic and aspartic 
acids from each other (Drake, 1947, Consden, 
Gordon & Martm, 1948) and also from other less 
acidic ammo acids (Freudenberg, Walch & Molter, 
1942, Cleaver, Hardy & Cassidy, 1946, Tisehus, 
Drake & Hagdahl, 1947) by the use of synthetic 
resmouB amon exchangers, the apphcation of a 
chromatographic techmque based on one of the 
commercially obtamable amon exchange resms 
obviously presents itself However, the methods 
cited have been designed, for the most part, for use 
on a smaller scale than is envisaged here, and for that 
reason it was considered worth while to remvestigate 
a number of amon exchangers by methods con- 
formmg to the general pattern of those described 
in Part 1 

EXPERIMENTAL 

Materials 

Samples of three cximmeroial resins have been examined 
These were WofatiFM, Amberhte IR4 (Resmous Products 
Biochem 1949, 44 


and Chemical Compnnj% Philadelphia), De Acidito B 
(Ponnutit Company, London) Wo are indebted to the 
Director of the Chemical Research Laboratory, Tcddmgtoii, 
for the gift of the sample of Wofatit M, supplies of whioh are 
at present difBcult to obtain 

Methods 

The apparatus used and the methods adopted for tho 
dotermmation of tho adsorption capacity of tho resins and 
the width of tho boundnnes arc generally as desenbed m 
Part 1 It should, however, be pomted out that tho behaviour 
of the anion exchangers is markedly different from that of 
the highly aoidic base exchange resms m several important 
respects These differences in behaviour are duo especinll3’’ 
to tho fact that exchange reactions takmg place on tho anion 
exchangers are much slower than those observed on resms 
contammg — SO3H groups In addition, commercial resms 
of the condensed polyamme type contam weakly acidio 
groups, which give the resm an amphotenc oharaoter in 
neutral or weakly alkalme solutions This latter propertj’’ 
causes considerable difficulty m regeneratmg the resm, 
particularly as it is desurable to prepare the resm base in 
a substantially salt-free condition 

Various methods of regeneration have been used to smt 
particular experimental conditions, and details of the pro 
cedures adopted appear m the relevant sections below 
The determination of Utraiion curves Tho expenmental 
procedure was identical for the three resms mvestigated The 
sample of resm was ground m the dry condition m a hammer 
mill and graded between wire sieves (80-100 mesh/m ) The 
powder was allowed to stand overnight m 0 1 N HCl and was 
washed firee fi?om fine particles by means of an upward flow 
of water It was then packed mto a tall glass filtration tube 
and treated three times alternately with 01 k HCl and 
K-NaOH, the final washmg from k NaOH bemg earned out 
with a large volume of distilled water imtd the specific 
conductivity of the effluent solution was less than 10 
gemmhos The powdered resm was then dried m air at room 
temperature and a sample taken for the determination of 
moisture content by drymg to constant weight over P-Oj in 
vacuo at 80° Twenty to thirty samples of the air dried resm, 
each about 0 6 g , were then weighed mto 60 ml flasks, 
20 ml of OfiiiNaOl were added to each flask and the 
volume made up to 40 ml by the addition of vanous 
amounts of HCl or NaOH The flasks were then tightly 
stoppered and allowed to stand with occasional shakmg for 
48 hr , when the supernatant solution was withdrawn from 
each flask for titration and for the determination of pH 
(glass electrode) 


33 



614 


S M PARTRIDGE AND R C BRIMLEY 


RESULTS 

The effect of pH on the retention of amons The 
amon-exchange resins at present available com- 
mercially are rather complex m structure, and 
usually contam a wide range of reactive groups 
which vary considerably m their strength as bases 
The followmg functional groups are commonly 
present m such resins — ^NHj, (aromatic or ah- 
phatic), =NH (aromatic or ahphatic), =N (ah- 
phatic) (cf Myers, 1942, Davies, 1948) In addition, 
weakly acidic phenohc hydroxyl groups may be 
present 

The complexity of the lomzmg system m such 
resms may be illustrated by the example of one 
commercial amon exchanger which is said to be pre- 
pared by the co condensation of ethylenediarmne 
with phenol and formaldehyde, cross hnks bemg 
formed by the reaction of the condensed product 
with ethylene dichlonde Such a resm would be 
expected to contam — ^NHj (ahphatic), =NH (ali- 
phatic), =N (ahphatic) and — OH (aromatic), and 
its titration curve would, therefore, show the pre- 
sence of a whole senes of lonizmg groups over a con 
siderable pH range 

The titration curves of three commercial resms 
are given m Fig 1 Tlie detennmations were earned 
out by the method already given, and it should be 
observed that the curves represent the adsorption of 
or or Na"^ from solutions contammg a relatively 
high concentration (0 26 m) of sodium chloride In 
the cun'^es, the amount m m-eqmv of Cl” or Na"^ 
adsorbed/g (dry wt ) of resm is plotted agamst the 
pH of the supernatant solution It will be seen that 
m each case the adsorption of CF mcreases steadily 
with deoreasmg pH from pH 9 to 1, and that at 
pH 9-10 and above there is a nett adsorption of Na'*' 
Thus the reams (m different degrees) have weakly 
acidic properties m addition to their mam character 
as bases 

With each sample of resm there is a pomt m the 
region of pH 9-10 at which the well washed ream 
retains neither free acid nor frne base and thus 
behaves as an amphoteric substance at its isoelectric 
pomt , but it should be noted that at this pomt the 
adsorption capacity of the resm is not necessarily 
zero, smee both cations and amons may be removed 
frMm the solution m equal amounts Indeed m the 
case of a resm contammg phenohc hydroxyl as the 
base-reactmg radical, the adsorption of cations at 
pH 9-10 may be considerable, and, if the resm has 
an ‘isoelectric point’ m this region, it must be 
expected to retam both amons and cations m signifi- 
cant amounts when eqmhbrated with weakly 
alkalme solutions containing salts This expectation 
IS confirmed by experience, smee, if the resms are 
brought to then free base condition by bufifermg to 
9—10 with borate or carbonate-bicarbonate 
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mixtures, and are subsequently washed with dis 
tilled water, the removal of salt (or free alkah pro 
duced by hydrolysis of the salts of weak acids) from 
the resm proves to be an extremely slow process, 
considerable quantities of electroljde are washed 
from the resm before the conductivity of the effluent 
solutions approaches that of the distilled water used 
for washmg 



curve B, Wofatit M, curve C, De Acidite B 

This IS an important consideration wherever large 
quantities of ream are to be used, and, m fact, the 
amount of distfiled water required to wash a large 
column free from electrolytes after it has been re 
generated with alkah or alkalme buffers may be 
prohibitive For the practical purposes of this work, 
it has, therefore, been considered preferable to choose 
a cycle of operations which avoids the necessity of 
bring ing the resm mto equdibnum witli alkalme 
solution, and, as will appear later, a further advan 
tage m limi ting the adsorption regeneration cycle 
to pH 1—7 hes m the fact that, over this range, 
expansion and contraction of the resm is reduced 
However, some of the small-scale laboratory experi- 
ments (such as the determmation of adsorption 
isotherms) call for a fully regenerated resm, and 
these were earned out with resm samples that had 
been regenerated with dilute sodium hydroxide 
solution 
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Titration curves for a sample of Amberhte IR4 
have recently been given by Kunin & Myers (1947), 
"who earned out the determinations both m the 
presence and. the absence of neutral salt These 
curves show clearly that the firee-base form of the 
resm may be brought, by exliaustive wasbmg, mto 
equihbrium with distilled water at a pH approachmg 
7, although the resm (which contams primary ali- 
phatic ammo groups) is a fairly strong base This is 
to be expected smce the resm is insoluble, and charge 
effects tend to prevent the release of free hydroxyl 
ions mto the aqueous pheise On addition of a 
neutral salt, however, the pH of the solution rises, 
presumably because soluble cations become avail- 
able, and the supernatant solution acquires a con- 
centration of hydroxijd ions sufficient to bnng about 
an equihbrium of essentially the same kmd as that 
occurrmg when a soluble beiae is dissolved m water 
containing electrolytes 

The width of the boundaries In Part 1 an expression 
was derived by winch the width of a boundary 
formed by a solute on a column could be calculated 
from a knowledge of the shape of the solute front 
m the effluent 


Width of the boundary m cm (A«,) = 



L 


The notation used is that given m Part 1 The results 
of a number of such determinations on the cation- 
exchange resm Zeo-Karb 216 are shown m Part 1, 
Pig 6 (p 426), which shows the effect of the particle 
Size of the resm and the rate of progression of the 
boundary down the column on the width of a boun- 
dary due to 0 O 42 N-NH 3 

Fig 2 shows the widths of boundaries due to 
0 0495 m glutamic acid on various amon exchange 
resins The experimental procedure adopted was that 
described m Part 1 (p 426) Curve A (Pig 2) gives 
the widths of the boundaries on a column of 9 0 mm 
diameter x 103 mm height packed with De Acidite 
B (80-100 mesh/m ) TheDe AciditeB, after treating 
alternately with k ZSTaOH and 0 1 n-HCI, was 
regenerated with N-NaOH solution and washed with 
distilled water to a low conductivity Curve S was 
obtamed with Amberhte IB 4 (80-100 mesh/m ) 
which was regenerated by equihbration with 0 0006 
n-HCI after treatmg alternately with 0 1 n-HCI and 
water Curve O was obtamed with Wofatit M (80- 
100 mesh/m ) which was regenerated by the method 
used for the sample of De Acidite Curve J) refers 
to a column packed with Amberhte IB 4 that had 
been treated alternately with 0 1 n-HCI and water 
and regenerated with phosphate buffer of pH 7 0 
followed by thorough washmg with distilled water 
to low conductivity 

It will be observed that, with the amon-exchange 
resins, the effect of the rate of flow in the column is 
very much more marked than is the case with Zeo- 


Karb 216, and that the boimdanes (with comparablo 
rates of flow) are very much wider m all cases Indeed 
it 18 clear that, with all the samples, the rate of pro- 
gression of the boimdary down the column must be 
limited to less than 2 cm /lir m order to obtam 
separations of the same sharpness as those taking 
place on Zeo-Karb 215 at a comparable rate of 
16 cm /lir 

The adsorption of a weak acid such as glutamic 
acid on the anion exchangers is, therefore, a very 
slow process as compared •with the replacement of 
H"*" by cations on strongly acidic resins such as Zeo- 
Karb 216, and, smce parallel e-xperiments -with 
aspartic acid and lactic acid gave similar results, it 



Pig 2 Width of boundanes formed by glutamic acid 
(0 06m) on vanouB amon-exchange resms (80-100 mesh/ 
m ) curve A, De Acidite B, curve B, Amberhte IR4 
(regenerated with 0 0006nHC1), curve G, Wofatit M, 
curve D, Amberhte IB 4 (regenerated 'with phosphate 
buffer of pH 7) 


may be assumed that the slow rate of reaction apphes 
to orgamo acids as a whole Smce the boundary 
widtlis found for 80-100 mesh/m resm were so large, 
it 'was not considered useful to examme the properties 
of resm samples of larger particle size, and the finer 
grade of resm was used throughout the remamder 
of the mvestigation, m separation experiments the 
rate of progression of the boundaries down the 
column 'was adjusted to 3—4 cm /hr , smce slower 
rates than this -were not considered to be practical 
except under special circumstances 

The data given m Fig 2 provide a rational basis 
for the choice of a smtable resm for the purpose of 
fiwitionation expemnents Curve D shows that the 
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boimdaries on the column of Amberhte (regenerated 
to pH 7) are considerably narrower than those given 
by any of the other resm samples However, the 
adsorption capacity of the resm should also be taken, 
mto account m considermg the performance of a 
column smce it is clear that although the boundary 
given by Amberhte HI 4 (regenerated to pH 7) is 
2 75 cm at a rate of progression of 6 cm /hr , and 
that given by the same resm regenerated with 
0 OOOSn-HCI is 6 75 cm , m the former case the 
capacity of the resm for amons is about twice that 
m the latter Thus for a given quantity of solute the 
band on the column is approximately one-half the 
height when the column is regenerated to pH 7, and 
consequently the proportion of pure solute recover- 
able should be approximately the same m both cases 
However it must be borne m mm d that regeneration 
to pH 7 would allow the use of a shorter column 

For the purpose of comparmg the performance of 
resms, we may therefore compare the values of 
Ajo X e for a given solute at a given rate of progression 
of the boundary This comparison is set out m 
Table 1 for boundaries given by glutamic acid, and, 
from these data, it is clear that the performances of 
all the anion exchange resms on this basis do not 
greatly differ 

The smtabdity of a resm for a given separation 
must remam a matter to be decided m relation to 
particular circumstances regardmg both the type of 
separation and the apparatus available Reams of 
lower adsorptive capacity suffer the disadvantage 
that longer columns are required for the same 
throughput, but m the present work it was con- 
sidered preferable to use long columns packed with 
De Acidite B smce the chermcal and mechamcal 
stahdity of this resm made it convenient to handle m 
the finely powdered condition 

Tlie data for the cation-exchange resm Zeo Karb 
215 are mcluded m Table 1 to serve as a basis for 
comparison The superiority of the cation exchanger 
at high rates of fiow is most striking, and is m con 
formity with our experience m fractionation experi- 
ments on the two kmds of resm Displacement 
chromatography on commercial amon-exchange 
resms was successful only if earned out slowly and 
on long columns packed wnth finely ground material 

Tlie retention of organic acids on De Acidite B 
Fig 3 shows a number of ‘ retention isotherms ’ winch 
were determmed on a sample of De-Acidite B (1 60 g 
dry wd ) that had been treated several tunes alter- 
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nately with 0 1 n-HCI and N-NaOH, and regenerated 
with N-NaOH solution The values of e were calcu 
lated from the retention volumes (Vf) given by a 
column 58 mm m height and 9 0 mm m diameter 
Details of the experimental procedure for the deter 
m m ation of e are given m Part 1, p 421 



0 002 tMM (H)6 008 O10 012 

Concentration C (mmol /ml ) 


Fig 3 The retention of a number of acids on De Acidite B 

(80-100 mesh/m ) The experiments were earned out with 

a column 9 mm m diameter containmg 1 6 g resm 

The adsorption of the neutral ammo acids, senne, 
glycme and alanme, on De-Acidite B was very small 
and for practical purposes may be neglected Hie 
two acidic amm o acids, aspartic acid and glutamic 
acid, were well adsorbed, and, as would be expected 
from its lower isoelectric pomt, the value of e (mmol 
of solute adsorbed/g resm dry wt ) for aspartic acid 
was rather higher than that for glutamic acid A 
feature of the group of curi'-es given m Fig 3 is that 
the adsorption capacity of the resm for the strong 
mmeral acids is three to four tunes that for aspartic 
and glutamic acids This was to be expected from the 
titration curve of the resm (Fig 1) which demon- 
strates the presence of a range of basic groups of 
varjnng strengths Thus hydrochloric acid may be 
retamed by weakly basic groups m the resm wluch 
remam un-iomzed m the presence of the acidic 
ammo acids 


Table 1 Comparison of 


Ream 

De Acidite B (fully regenerated) 

Amberlite IR4 (regenerated to 0 0005 N HCl) 
Wofatit M (fully regenerated) 

Amberhte IR-l (regenerated to pH 7) 

Zeo Karb 215 (acid form) 


for glutamic acid houndanes on various resins 


€ 

S 


s 

(mmol /g ) 

(cm /hr ) 

X € 

(cm /hr ) 

0 85 

6 

5 1 

10 

0 80 

5 

40 

10 

2 15 

5 

62 

10 

2 10 

5 

50 

10 

2 20 

6 

2 2 

10 


^ e 
10 8 
68 
96 
78 
26 
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The clirves m Fig 3 may be used m the same way 
as those m Fig 3 (Part 1) for the calculation of the 
concentration at which one acid is displaced by 
another Inspection of the curves shows that m 
order to displace aspartic acid as an 0 06 m solution 
by means of a mmeral acid, a concentration of about 
0 26N-HC1 or 0 4ON-H2SO4 would be required The 
high concentrations of mmeral acids required must 
be regarded as a disadvantage m cliromatograpluc 
experiments, smce they mcrease the risk of chemical 
degradation of the resm with consequent release of 
mtrogen containing compounds, and also tend to 
mcrease the swelhng suffered by the resm For this 
reason laetic acid was used as the displacement 
developer m some of the displacement experiments, 
but this was of doubtful advantage smce m one 
experiment bactena were observed to be growmg on 
the top part of the column m the presence of lactic 
acid* 

The separation of aspartic acid, glutamic acid and 
senne It has already been pomted out that the 
separation of serme from glutamic acid is of im- 
portance m the fractionation of the ammo acids of 
protem hydrolysates, smce these two ammo -acids 
form a mixed band when displaced from Zeo-Karb 
215 by means of dilute ammoma solution The 
separation of serme from glutamic acid should pro- 
ceed readily on De-Acidite B smce serme is adsorbed 
to a very small extent on this ream Aspartic acid 
and glutamic acid may be separated fairly readily on 
cation-exchange resms when serme is present, but it 
was nevertheless considered useful to mvesligate the 
behaviour of the two acidic ammo acids on an amon- 
exchange resm 

Fig 4 a gives the results of a separation experi- 
ment m which serme (2 3 mmol ), glutamic acid 
(2 3 mmol ) and aspartic acid (2 3 mmol ) were dis- 
solved m water (76 ml ) and apphed to a column of 
De-Acidite 

The column was 11 6 mm m diameter and con- 
tamed 10 66 g air dned De-Acidite (dry wt 6 97 g ) 
Tlie resm had been treated alternately with N-NaOH 
and 0 In-HCI and regenerated with N-NaOH fol- 
lowed by washing with distilled water untd the 
specifio conductivity of the effluent fell below 
10 gemmhos After washmg, the resm occupied a 
height m the filtration tube of 16 6 cm The displace- 
ment developer used was 0 lOlM-lactic acid (concen- 
tration as determmed by titration with alkah), and 
this solution was apphed at a rate of about 76 ml /hr 
Smce approximately 130 ml lactic acid solution 
were required to saturate the column, this rate of 
flow corresponded with a rate of progression of the 
lactic acid boundary down the column of 9 cm /hr 
The effluent was collected m 10 ml fi’actions, and a 
quahtative analysis of each firaction was obtained 
by settmg up one dimensional filter -paper chroma- 
tograms (Consden, Gordon & Martm, 1944) 


The results are given m the form of block diagrams 
m Fig 4 a The figure shoivs that serme was well 
separated from the two acidic ammo acids and was 
retarded by the column to a small extent only A 
partial separation of aspartic from glutaimc acid 
was obtamed, but the separation was not sufficiently 
complete to have much practical value From an 
analj^is of the block diagram, the width of the 
boundary (Agg) on the column between aspartic acid 
and glutamic acid was about 6 8 cm , and, smce the 
i*ate of progression of the front was 9 cm /hr , the 
width of the aspartic-glutamic boundary was not 
greater than would be expected for a smgle solute 
front traveUmg down the column at the same rate 
(Fig 2, curve A) 
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Fig 4 (o) Separation of serme, glutamic acid and aspartic 
acid by displacement with 0 lOu lactic acid (5 =9 cm /hr ) 

(b) Separation of aspartic acid and glutanuc acid by 
displacement with 0 10 m lactic acid (iS = 18 cm /hr) 

(c) Separation of serme and glutamic acid by displacement 
with 0 61N-HC1 

This mdicated that an improvement m the 
separation should be obtainable at low rates of pro- 
gression of the boundaries To test this a second 
experiment was set up usmg the same column A 
mixture of aspartic acid (0 306 g ) and glutamic acid 
(0 339 g ) m water (80 ml ) was apphed to the column 
and a solution of the same concentration (0 101 m) of 
lactic acid was used as displacement developer The 
apphcation of the developer was adjusted to give 
a rate of progression of the lactic acid boundary of 
1 8 cm /hr The result of the experiment is shown m 
Fig 4 6, inspection of which shows that the overlap 
between the aspartic and glutamic acid bands was 
considerably reduced However, calculation of the 
width of the aspartic-glutamic acid boundary shows 
this to be about 3 0 cm , and thus, at the low rate of 
flow, the boundary width was greater than the width 
of a smgle-solute boundary (1 60 cm ) given by 
extrapolation of curve A (Fig 2) to = 1 8 cm /hr 
The results of these two experiments, taken 
together with those from confirmatory experiments 
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on the same Imes, mdicate that the separation of 
glutamic acid and aspartic acid can only be success- 
ful when earned out very slowly, and for this reason 
it was considered that for practical purposes the 
method would be of doubtful value, particularly as 
the two acidic ammo-acids are readily separated on 
cation exchange columns The use of the amon- 
exchange resins, however, provides the simplest 
method for separatmg serme from glutamic acid 

Procedure for the regeneration of De-Acvdite The 
difficulty of washmg the commercial amon exchange 
resms free from electrolytes after they have been 
regenerated with strong alkahs has been emphasized 
already For experiments with small columns the 
consumption of distilled water used m the waslimg 
procedure after regeneration with sodium hydroxide 
solution IS unimportant, but for, larger columns the 
quantity of distilled water required becomes pro- 
hibitive Nevertheless, complete removal of alkali is 
necessary for aU separations mvolvmg weak acids, 
smee its presence raises the pH of the solution m 
contact with the resm, and thus tends to inhibit the 
adsorption of the acid Effects of this sort were met 
with m experiments with glutarmc acid, which faded 
to form sharp fronts on columns that had been m- 
sufficiently washed after regeneration with sodium 
hydroxide 

Various alkalis and buffer solutions were mvesti- 
gated for use m the regeneration of the resins The 
use of sodium carbonate or bicarbonate was im- 
desirable smee the evolution of carbon dioxide durmg 
the regeneration process necessitated the repackmg 
of the column before each experiment Attempts 
were made to use various buffer solutions of pH 8—10, 
but these also were rather unsatisfactory smee the 
removal (by washmg with water) of the excess of 
electrolyte over this pH range proved to be a slow 
process It therefore appeared to be desirable to 
avoid the use of buffer solutions more alkalme than 
pH 7, and regeneration with sodium acetate solution 
was finally adopted as a routme procedure Detads 
of the procedure are illustrated m the foUowmg 
example 

A column of De Acidite (126 g dry wt , 80- 
100 mesh/m ) contamed m a filtration tube 3 62 cm 
m diameter occupied a height of 26 cm , and had 
been saturated with 0 26 n-HC 1 A solution of 
sodium acetate (0 26 n, 6 1 ) was then passed slowly 
through the column untd the effluent solution 
reached pH 6 (time 4 hr ) The column was then 
washed with distilled water (10 1 ) untd the con 
ductimty of the washmgs fed to 26 gemmhos At 
this pomt the wash water had an acid reaction 
(pH 4 6), but was fiiee from chloride 

Separation of senne from glutamic aetd on a larger 
scale The column used contamed 126 g (dry wt ) 
De-Acidite B (80-100 mesh/m ) and ivas 3 62 cm m 
diameter and 26 cm m height The resm had been 
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regenerated with sodium acetate solution as 
described m the previous section A solution of 
L glutamic acid (8 0 g ) and dl serme (1 60 g ) m 
water (11) was allowed to fiow tlirough the column, 
and the effluent solution was collected m 93 ml 
samples by means of an automatic fraction collector 
(Bnmley & Snow, 1949) The time required for tins 
operation was 4 3 hr After washmg with a small 
quantity of water (26 ml ) the reservoir was filled 
with 0 61N-HC1 (2 1 ), and the solution allowed to 
flow through the column at a rate of 140 ml /hr The 
conductivity of the effluent was measured at mtervals 
throughout the run, and the experiment was stopped 
when the rise m conductivity showed that the 
hydrochloric acid boundary had broken through 
(tune 10 hr , vol of HCl solution 141) 

The pH of each 93 ml fraction was measured and 
a small quantity of solution was taken from each for 
chromatographic analysis by the filter -paper method 
The chromatogram obtamed is illustrated m Fig 4c, 
wluch shows that serme was well separated from 
glutarmc acid The serme solution emerged from the 
column at pH 6 4, wlule the glutarmc acid band 
emergedatpHS 35, except for the last three fractions 
which were imxed with hydrochloric acid 

Since hydrochloric acid at a concentration of 

0 61 isr displaces l glutamic acid at a concentration 
higher than its solubility m water (Fig 3) glutarmc 
acid crystals appeared m the effluent solution soon 
after the fractions were taken The serme solution 
(fractions 2-14 mclusive) contamed a small concen- 
tration of acetic acid derived from the sodium acetate 
used to regenerate the column The solution was con 
centrated under reduced pressure, treated with a 
small amount of charcoal and finally evaporated to 
dryness under vacuum at room temperature (yield 

1 6 g cdlourless crystals N, formd, 13 2%, theory, 
13 3 %) The glutamic acid solution was collected m 
two parts, fractions 20-24 mclusive (free from 
hydrochloric acid) and fractions 26-27 (oontammg a 
fairly high concentration of hydrochloric acid) Both 
portions were evaporated to dryness after treatment 
with a httle charcoal Fractions 20-24 yielded 
glutarmc acid as a colourless crystaUme product 
(4 73 g N, found, 9 9%, theory, 9 6%) The 
residue from fractions 26—27 was weighed as 
glutarmc acid hydrochloride (pale yellow crystals, 

2 2 g ) Total yield calculated as glutarmc acid 
6 6 g , recovery 81 % 

The separation of glutamic acid from aspartic acid 
by development with acetic acid Drake (1947) 
described an mterestmg analytical method for the 
separation of glutarmc acid from aspartic acid which 
could be earned out with a few mg of material A 
column of Amberhte II14B was used, and the 
separation was earned out by development with 
acetic acid, which is adsorbed on amon exchange 
resins approximately to the same extent as glutamic, 
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but less strongly than aspartic acid With the con- 
centration of acetic acid used (0 06 %) the develop- 
ment results m the formation of an acetic acid band 
l 3 Tng between and overlappmg the two ammo-acid 
bands, and, smce the complete elution of aspartic 
acid requires a large volume of acetic acid, Drake 
mtroduced a second developer (n-HCI) m order to 
displace the aspartic acid at a suitable concen- 
tration 

In view of the rather poor results obtamed m the 
separation of glutamic acid from aspartic acid by the 
direct apphcation of displacement development, it 
was considered worth while to mvestigate an 


found, 9 8%, theory, 9 6 %) Tlie yield of glutamic 
acid represented a recovery of 82 % Thus, although 
separation was complete, there was a loss of 0 73 g 
of glutamic acid In the experience of the authors, 
losses of tins order are usual with both aspartic and 
glutamic acid where commercial amon exchangers 
are employed, and it is considered that the poor 
yields may m part be due to secondary adsorption 
of a difficultly reversible character Chemical de- 
gradation of the ammo-acids m contact with the 
resins may also be a contributory factor 




adaptation of the method of Drake to preparative 
separations mvolving relatively large quantities of 
ammo-acids Details of a t 5 'pical separation experi- 
ment are given below 

The column contamed De-Acidite B (80—100 mesh , 
dry wt 125 g ) and was 26 cm lugh x 3 62 cm m 
diameter The resm had previously been regenerated 
with sodium acetate solution and washed thorouglily 
with distilled water A solution (400 ml ) contairung 
glutamic acid (4 0 g ) and aspartic acid (1 0 g ) was 
passed through the column (time, 3 hr ) and de- 
velopment was corned out with 0 102N-acetic acid 
(13 1, time, 8 hr ) The reservoir contammg the 
acetic acid was then replaced by one contammg 
0 26N-HC1, and this solution (261) was allowed to 
flow mto the column for a further 8 hr 
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In the work descnbed above, tlirce commercial anion- 
exchange resins were mvestigated with particular 
reference to their smtabihty for the purpose of dis- 
placement chromatographj'’ on a preparative scale 
Tlie two acidic ammo acids, aspartic acid and 
glutarmc acid, were well adsorbed by the reams, and 
the mam object of the work was to establish smtable 
conditions for tlie separation of these two substances 
from each other and from mixtures contammg 
neutral ammo acids The procedures adopted were 
based upon those developed for the separation of 
bases and ammo acids on cation-exchange resins 
(Partridge & WestaU, 1949) 

The titration curves of the commercial amon- 
exchange resms show that they are markedly poly- 
functional m behaviour , they contam a range of basic 
radicals of varymg strength and also show a weakly 
acidic character Wlien m equihbnum at reactions 
near neutrality they behave as ampholytes, and, for 
tins reason, regeneration of the resins must be care- 
fully controlled If strong alkalis are used m the 
regeneration process, cations are adsorbed by the 
resins which are difficult to remove completely by 
subsequent washing Failure to effect the complete 


Fig 6 Separation of glutamic acid from aspartic acid on removal of alkali after the regeneration process gives 

De Acidite B The column was developed with 0 In- rise to a reduction m the adsorptive capacity of the 
acetio acid followed by 0 26ii HCl resm for weak acids, smce the residual cations 


The efiiuent solution was collected m 172 ml 
fractions, and a one-dimensional paper chromato- 
gram was made from samples taken from each 
fraction The chromatogram is illustrated m Fig 6 
which shows complete separation between the 
aspartic and glutamic acids The positions of the 
acetic and hydrochloric acid bauds (found by 
titration) are also mdicated m the diagram It will 
be observed that the acetic acid front comcided with 
that due to glutarmc acid, while the aspartic acid 
band was to some extent overlapped by the hydro- 
chloric acid band Fractions 9-16 mclusive (Fig 6) 
were mixed and the solution concentrated under 
reduced pressure and evaporated to dryness in vacuo 
over sodium hydroxide The product (glutamic acid) 
was a colourless crystalhne sohd (yield 3 27 g , N, 


become mvolved m salt formation with the acids, 
and this mcreases the pH of the solution m contact 
with the ream For tins reason, regeneration with 
strong alkalis should be avoided when deahug with 
large columns De-Acidite B may be regenerated 
effectively with sodium acetate solution, and with 
this reagent only small volumes of wash water are 
required to render the columns free from cations and 
from amons other than acetate 

Tlie amon exchange resms at present available 
commercially are relatively weak bases (contaimng 
ahpbatic and aromatic ammo groups as the most 
basic radicals), and, probably for this reason, the 
exchange reaction between amons is much slower 
than that takmg place between cations on the 
strongly acidic resm Zeo-Karb 216 Tins slowness of 
reaction is reflected m the broad boundaries show 
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by the bands on columns packed with the anion- 
exchange resms, and measurements of boundary 
widths at different rates of flow showed that the 
separation of weak acids by displacement chromato- 
graphy could only be successful at very slow rates 
of flow, and by the use of the resins m a flnely ground 
condition 

A number of tnal separations usmg mixtures of 
aspartic and glutamic acids mdicated that, while 
separations of about the expected order of efficiency 
were m fact obtamed, the rate of flow required was 
very much slower than for the separation of the same 
pan of ammo acids on Zeo-Karb 216 Takmg the 
evidence as a whole, it is considered doubtful if the 
direct apphcation of the displacement techmque to 
the separation of weakly eicidic substances on the 
amon exchange resins available at present is of 
practical value 

A particularly useful feature of the resins is that 
the adsorption of neutral ammo -acids is very small, 
and columns packed with the resins may be used as 
simple adsorptive filters m order to remove aspartic 
or glutamic acid fi’om mixtures containing the 
neutral ammo -acids The separation of glutamic acid 
from serme and threonine is of particular importance 
m the fractionation of protem hydrolysates smce 
these three ammo -acids form a mixed band on Zeo- 
Karb 216 The separation of serme from glutaxmc 
acid was earned out usmg De-Acidite B and the 
experiment gave a quantitative recovery of serme, 
but a loss of about 20 % of the glutajmc acid was 
observed Losses of this order are a general feature of 
the adsorption of the acidic ammo -acids on the 
amon exchange resins, and it is considered that the 
effect IS mainly due to the irreversible adsorption of 
part of the material However, a further explanation 
of the loss may he m the occurrence of oxidative 
degradation on the surface of the resm particles 

Although the direct apphcation of the displace- 
ment techmque to the separation of aspartic and 
glutamic acid was unsatisfactory, it stfll remamed 
possible that a combmation of elution and displace- 
ment would give satisfactory results as a pre- 
parative method Such a method was developed as 
a imcroanalytical techmque by Drake (1947) who, 
by developmg a column of Amberhte IR4 with 
dilute acetic acid, was able to effect a complete 
separation between the two ammo-acids Acetic acid 
IS adsorbed to roughly the same extent as glutamic 
acid, but IS less strongly adsorbed than aspartic acid, 
and development with tlus reagent results m the 
separation of the two a min o acid bands by the mter- 
polation of £ua acetic acid band between them An 
adaptation of this method, usmg De-Acidite B, gave 
good results, and a complete separation was obtamed 
using a mixture contammg 5 g of the ammo-acids 
on a column contammg 125 g of the resm 
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The results of the mvestigation as a whole show 
that the amon exchange resms at present available 
are much less efficient for the purpose of displace 
ment cliromatography than are resins of the sul 
phonated phenol formaldehyde type This may in 
large part be due to the polyfunctional character of 
the amon exchangers and to the rather weakly basic 
character of the mam functional groups However, 
the resins may be used with success for the separation 
of aspartic and glutamic acid from mixtures con 
taming the neutral ammo acids 

SUM&IARY 

1 Three commercial amon exchange resins have 
been mvestigated for their smtabihty for displace 
ment chromatography on a preparative scale These 
were Amberhte HI 4, Wofatit M and De-Acidite B 

2 Titration curves for the three resins are given 
These were earned out m the presence of neutral 
salts and show that the resins have weakly acidic 
properties m addition to their mam function as 
insoluble bases 

3 The boundary widths given by glutamic acid 
on columns packed with the amon exchangers are 
approximately mversely proportional to the adsoip 
tive capacity of the resms The boundaries given by 
the amon-exchange resins are much broader at useful 
rates of flow than those given by the cation exchanger 
Zeo-Elarb 216 This mdicates that the exchange 
reaction is much slower m the former than m the 
latter case 

4 Some separation was obtamed between glutanuc 
acid and aspartic acid on De Acidite B, but very 
slow rates of flow were required to give useful 
results, and (with the amon exchange resins at 
present commercially available) the techmque is of 
doubtful value for practical puiposes 

6 The amon-exchange resms are, however, useful 
for the separation of glutanuc or aspartic acid from 
neutral ammo-acids, particularly serme La this 
case, smce the resms adsorb neutral ammo-acids to 
a small degree only, separation may be achieved 
by apphcation of a simple process of adsorptive 
filtration 

6 Usmg De Aoidite B, glutanuc acid and aspartic 
acid may be separated on -a preparative scale by 
developmg the column with acetic acid, this forms 
a band lying between and overlappmg the bands due 
to the ammo acids 

The authors wish to thank Dr J R Bendall for his con 
tinned interest and advice and Dr N E Topp for several 
valuable discussions Mr D F Elsden earned out the 
partition chromatograms The work desonbed in this paper 
was earned out as part of the programme of the Food 
Investigation Organization of the Department of Scientific 
and Industrial Research 
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In the first two parts of tins senes (Partndge & 
WestaU, 1949, Partndge & Bnmley, 1949) the 
apphcation of displacement chromatography to the 
separation of simple mixtures of bases, acids and 
ampholytes has been desenbed, columns packed 
With lon-exchange resins were used and most of the 
experiments were concerned with two typical com- 
mercial products, the cation exchanger Zeo Karb 216 
and the acid-adsorbmg resm De-Acidite B Interest 
has been particularly directed towards the problem 
of separatmg mixtures of ammo acids, smee these 
frequently occur m biological extracts of all kinds, 
and are almost certam to be met with m any 
attempt to isolate an active biological substance 
from its source 

An obvious apphcation of the techmque hes m the 
isolation of the optically active ammo-eicids from the 
hydrolysis products of proteins This problem has 
been of importance to biochemists m the past, and, 
m view of the advent of the isotope -dilution 
techmque, the successful development of a simple 
physical method for carrying out such isolations is 
likely to be of even more importance m the future 
It was considered, furthermore, that an attempt to 
frawtionate the products of hydrolysis of a t 3 qjical 
animal protem would present the most practical test 
of the method, and at the same tune would yield 
valuable information concerning the degree of 
separation and the order of displacement of a wide 
range of naturally occurrmg ammo acids 

A short account of the fractionation of a protem 
h 5 ^drolysate by displacement development on lon- 
exchange columns has already been given (Partridge, 
Westah & Bendall, 1947) In recent years much 


work has been published on the isolation of ammo- 
acids from protem hydrolysates by the use of lon- 
exchange resms m various ways, but smee several 
excellent reviews are available (Martm & Synge, 
1946, Cannan, 1946, Tisehus, 1947) no attempt will 
be made to refer to the ongmal pubhcations m 
detail However, most of the methods hitherto em- 
ployed mvolve the use of the ion exchange resins as 
media for elution experiments of the classical type 
or m simple adsorptive filters So far as the authors 
are aware, no systematic attempt to use the dis- 
placement techmque for this purpose has appeared, 
although simple mixtures of ammo acids have been 
separated m this way (cf Drake, 1947 , Hems, Page & 
Waller, 1948) 

Smee commercial egg albumm was readily obtam- 
able, and its ammo-acid constitution fairly well 
known, the product of hydrolysis of this protem 
With hydrochloric acid was chosen for study Pre- 
lunmary experiments showed that the ammo -acids 
tyrosme and phenylalanme behaved irregularly on 
a column of Zeo-Karb 216, presumably because of 
the intervention of physical (van der Waals) 
adsorption by the resm material, which is pre- 
dominantly aromatic m character However, smee 
the two aromatic ammo-acids are strongly adsorbed 
by charcoal, and may be eluted from it (Schramm & 
Pmnosigh, 1943, Tisehus, 1947) it was possible to 
remove these two ammo-acids from the hydrolj'sate 
before proceeding with the separation of the re- 
mammg constituents on the cation exchange column 
The procedure was found to be particularly advan- 
tageous, smee m addition to the recovery m. a ■pure 
condition of tyrosme and phenylalanme, the process 
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resulted m the complete removal of all coloured 
material from the hydrolysate before apphcation to 
the lon-exohange columoa 

As has already been mdicated, theoretical con- 
siderations suggest that a fairly large difference m 
isoelectric pomt is necessary to secure the separation 
of two ampholytes on a cation exchange column A 
complete separation of all the components of a 
protem hydrolysate m one passage through the 
column 18 therefore not to be expected, the grouping 
of the isoelectric pomts suggested rather that the 
ammo -acids would form a senes of discrete bands, 
each containing mdividuals of closely similar 
electncal properties Chromatograms of this type 
were found m practice, and Table 1 shows the general 
arrangement of the bands on a column of Zeo-Karb 
216 

In displacement cliromatography the vanous 
bands necessarily overlap each other, and m cuttmg 
the fractions it was m most cases necessary to reject 
the overlappmg portions of the bands, or to preserve 
the mixed solution for workmg up with a following 
batch of hydrolysate Thus the yields obtamed from 
a smgle fractionation must always show some loss, 
but high 3 nelds should be obtamable from a senes of 
fractionations m which the overlappmg portions of 
the bands are returned to the stock for refractiona- 
tion 

Table 1 Armno-acid bands in the order of their 
displacement from Zeo-Karb 216 


Band 

Ammo acids 

I 

Aspartic acid 

n 

Glutamic acid, serme, threomne 

m 

Glycme, alanme 

IV 

Valme, prohne 

V 

Leucmes, methionme, cystme 

VI 

Histidme, umdentified substance 

vn 

Lysme 


Table 1 shows that, by a smgle passage through a 
column of Zeo Karb 216, the ammo acids may be 
separated mto seven mam fractions, each contammg 
a small number of components The use of this resm 
thus offers an excellent means of effectmg a first 
breakdown of the comphcated mixture and yields 
fractions of a kind smtable for the apphcation of 
further simple chromatographic procedures or 
further fractionation by other methods such as 
fractional crystallization, adsorptive filtration, or 
countercurrent extraction with orgamc solvents The 
distribution and treatment of the bands obtamed by 
first passage through the Zeo-Karb column (usmg 
dilute ammoma as displacement developer) may be 
briefly described as follows 

Band I (Table 1) needed no further fractionation 
smce it contamed aspartic acid only, and this was 
readily recoverable m a pure crystaUme condition 
by concentratmg the solution 

Band H contamed glutamic acid, serme and 
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threomne Tlie formation of a mixed band on Zeo 
Karb 216 by serme and glutarmc acid has already 
been reported (Part 1, Partridge & West^, 1949, 
p 424), and it has been pomted out that the appear 
ance of serme m this position is anomalous smce 
serme is considerably less acidic than glutamic acid 
However, serme and threomne are readily separated 
from glutamic acid on a column of De-Acidite B 
(Part 2, Partridge & Brunley, 1949, p 618), and this 
method was used m the present work for the isolation 
of pure glutamic acid Tlie remammg components of 
the band, serme and threomne, were not further 
separated, but were recovered as a crystaUme 
mixture 

Band III contamed glycme and alamne and, m the 
present work, no attempt was made to separate these 
two ammo acids, but they were recovered as a 
crystaUme solid by concentratmg the solution 

Band TV contamed valme and prohne Smce these 
two ammo acids occur m egg albumm m rather smaU 
proportions, the band contammg them was narrow, 
and the adjacent components overlapped so far mto 
the vahne-prohne band as to render its isolation 
impossible with a column of the length used A cut 
was, therefore, taken that mcluded Band TV plus 
the overlappmg sections of Band lEE and Band V, 
and the solution was passed through a narrow 
column of the same ream The proportion of valme 
and prohne m this second solution was much higher 
than m the ongmal hydrolysate, and thus, on the 
second narrower column, the vahne-prohne band was 
longer and proportionately less overlapped, and a 
smtable cut could be made which contamed valme 
and prohne only Concentration of tliis solution 
yielded the mixture of valme and prohne m a 
ciystaUme form 

Band V contamed methio nin e, cystme and the 
leucme isomers and, m order to isolate the leucmes, 
advantage was taken of the readmess with which the 
sulphur contammg ammo -acids may be oxidized 
with bromme water On addition of this reagent 
to the mixture, both cystme and methionme were 
converted to oxidation products that were readily 
separated from the leucmes by further apphcation 
of the chromatographic procedures 

Band VT contamed histidine and an umdentified 
basic substance, while Band VH contained lysme 
Arginme is more basic than the displacement 
developer (ammoma) and was not displaced by the 
latter at the concentration used, but a partial 
recovery of arginme was obtamed from the hydro- 
chloric acid solution used to regenerate the column 

The lysme band was well defined, but was over- 
lapped to a considerable extent by ammoma Lysme 
did not appear to be present in the chromatogram to 
the extent estimated from the ammo acid analysis of 
the protem This was rather unexpected smce 
small-scale experiments with authentic lysme had 
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previously shown that this amino-acid. could, be dis- 
placed quantitatively by ammonia However, Hems 
et al (1948) have encountered a similar difficulty, 
and consider the effect to be due to the presence of 
the other ammo acids m the hydrolysate As an 
alternative explanation it may be assumed that 
there is a amall degree of irreversible adsorption of 
lysme on the resm, and that losses due to this cause 
are proportionately greater when a small amount 
of lysme is caused to traverse a long column, than 
IS the case when a smular amount of the ammo -acid 
IS handled on a few grams of resm 

It appears from experiments already described 
(Part 1, p 426) that irreversible adsorption of the 
basic ammo-acids may be due to the effect of 
phenohc hydroxyl groupmgs m the resm, which react 
with bases of the same order of strength as ammoma, 
but are mert towards weaker bases With this m 
mmd, experiments are now m progress to mvestigate 
the separation of the basic a m mo acids on a labora- 
tory-prepared resm which contains the sulphomc 
acid, radical, but is free from phenohc OH 

Histidme appeared m the chromatogram as a 
narrow (but sharp) band m about the proportion 
that would he expected from the Imown histidme 
content of the protem However, this content is 
small (approx 2 4%), and, while the recovery of 
pure histidme would appear to be possible by use of 
aseoondnarrowcolumnof Zeo-Karb 216, its isolation 
m this way was not attempted m view of the pro- 
jected experiments with an improved resm 

EXPERIMENTAL 

Hydrolysis of the protein A sample of commercial egg 
albumm (moisture, 13 8%, ash, 3 4%, 240 g ) was hydro 
lyzed for40 hr under reflux with 6 6 n HCl (261) The bulk 
of the HCl was removed by repeated evaporation under 
reduced pressure, and the residue, after addition of water 
(161), was filtered to remove insoluble hunun The filtrate 
was made up to 2 1 and was used as a stock solution 

Treatment tmfh charcoal The charcoal (‘Activated Char 
coal’, Bntish Drug Houses Ltd ), 110 g , was first prepared 
by shaking for 1 hr with 6 % (v/v) acetic acid solution (161) 
on a mechanical shaker It was then filtered and thoroughly 
washed with distilled water A measured volume of the 
stock protem hydrolysate solution (660 ml ), eqmvalent to 
64 g protem (dry wt ), was made up to 4 1 with distilled 
water The prepared charcoal, which was m the form of a wet 
filter cake, was transferred to this solution and the mixture 
shaken gently for 1 hr The charcoal was then removed, 
leavmg a colourless filtrate, and was thoroughly washed 
with water (1 1 ), the washmgs hemg added to the bulk of 
the filtrate 

Recovery of phenylalanine and tyrosine Previous expen 
ments had shown that, under the conditions descnbed above, 
the charcoal removed tyrosme, phenylalanme, and vanous 
coloured substances from the solution It removed traces 
only of other ammo acids Elution was earned out by 
shakmg the charcoal for 1 hr with 21 of 20% (v/v) acetic 
acid solution contammg phenol (6% w/v) The eluted char- 
coal was removed by filtration, and the supernatant solution 


solution, which was almost colourless, was then concen- 
trated to small bulk under reduced pressure and finally 
evaporated to dryness, leaving a pale straw coloured 
orystallme residue, which consisted mainly of tyrosme and 
phenylalanme The residue was extracted with several suc- 
cessive small quantities of ice cold water, and the msoluble 
residue (tyrosme) was recrystallmed from hot water (yield 

1 46 g , or 2 3 % on protem dry wt , found N, 7 8, calc for 
C,HuOaN,7 7%) 

The water soluble fraction was concentrated under re 
duced pressure until the solution was shghtly viscous, and 
treated with dry HCl gas at 0° A heavy crop of crystals of 
phenylalanme hydrochloride formed and was separated by 
filtration through a smtered glass funnel A one dimensional 
filter-paper stnp chromatogram confirmed the punty of the 
fraction (yield, 1 62 g calculated as free phenylalanme, or 

2 6 % on protein dry wt , found N, 6 9, calc for CjHuOjNCl, 
7 0%) 

Preparation of the cation exchange column The column was 
m two sections, each 82 cm m height and 3 2 cm m diameter 
Both sections were packed with 200 g (drywt)Zeo Kkrb216 
(40-60 mesh/m ) The resm was prepared as previously 
described (Part 1, p 420) and the packed columns were 
treated alternately with 0 16n-NHj and 2 k HCl before use 
m order to consohdate the resm The column assembly was 
provided with a conductivity cell arranged for contmuous 
readmg, and the solution flowmg from the column passed to 
an automatic fi^ction coUeotor which was adjusted to ooUeot 
the solution m 91 ml fractions 

Fractionation on the Zeo Karh column The solution that 
remamed after treatment with charcoal was made up to 9 1 
with distilled water and apphed to the column at a rate of 
about 1 1 /hr The solution contained the hydrochlondes of 
the ammo acids and a small excess of HCl, and thus the 
solution flowmg out of the column durmg this stage of the 
process was dilute HCl This was run to waste The hydro 
ohlondes of the ammo acids are adsorbed to a less extent 
than the free ampholytes, and the dunensions of the column 
were calculated to be just sufficient to retam the entire 
ammo acid content of the hydrolysate os hydrochloride , thus 
when displacement with NH, was commenced the ammo- 
acid band contracted to less than half its ongmal length, the 
efiSuent from the column durmg this period contammg no 
ammo acids The displacement developer contamed 0 148 n 
NHj (6 6 1 ), and the dark brown front due to the NH, 
reached a pomt 76 cm from the bottom of the column 
before a sharp rise m the conductivity of the eflluent mdicated 
the break through of an ammo acid From this pomt until 
the break through of the NHj firont (determmed conducti 
metncally) the effluent solution was coUected m 91 ml 
firactions (Time required for displacement with NHj 
solution, 16 hr , rate of progression of the NH, boundarv 
11 cm /hr) 3 

On Btandmg overnight crystals of aspartic acid appeared 
m the first few fractions The pH of each fraction was 
measured, and small samples were taken from each fraction 
for the preparation of filter paper chromatograms (Consden, 
Gordon & Martm, 1944) Fig la shows the filter paper 
chromatogram m which the solvent used was neutral phenol 
In this solvent the separation of the more acidic ammo acids 
was good, but the resolution of the more basic ammo acids 
■was not sufficient to allow the unambiguous identification 
of them alL In order to complete the identification of the 
latter, further chromatograms were earned out usmg as 
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solvent butanol acetio acid mixture (Partridge, 1948) and 
m cresol (Consden et al 1944) The results of the quabtative 
analyses earned out in this way are given diagrammaticaUy 
m Pig 1 h which also moludes specific conductivity and pH 
readings 

It will be observed that the ammo acid mixture was dis- 
tnbuted m an ordered way over a senes of defimte bands 
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(Fig 1 h) showed that fractions 1-10 mclusive were fine fiem 
the components of Band II, and these fractions were col 
lected together The combmed solution was concentrated to 
small bulk under reduced pressure and finally evaporated to 
dryness under vacuum The residue (colourless crystals, 
3 92 g ) was pure aspartic acid, found N, 10 6, calc for 
10 6 % (yield on protem diy wt , 6 1 %) 



Fraction no 10 20 30 40 50 60 

Pig 1 a 



Pig 1 h 

Fig 1 Plowmg chromatogram obtamed by displacing the hydrolysis products of commercial egg alb umin from a column 
of Zeo Bhrb 216 by means of 0 16 n NH, (a) Paper chromatogram earned out on fiactions from the flowmg chromato 
gram. The paper chromatogram was earned out m two sectioiiB usmg phenol water as the solvent (Key to ammo aci^ 
m Fig 1 6) (6) Diagram showmg the position of the cuts made durmg the collection of the firaotions, the ammo acids 
present, the specific conductivity of the effluent • • and the pH of the effluent x x 


The composition of these bands is summarized m Table 1 
which lists the bands m the order of them displacement 

Fractionation of hands 

Band I aspartic acid This Consisted of aspartic acid only, 
but was overlapped by Band H, contammg glutamic acid, 
serme and threorune The filter paper chromatogram 


Band II glutamic acid, serine and threonine The section 
of Band H that overlapped with Band I (firaotions 11—14 
mclusive) was rejected, and Band H was collected between 
firaotions 16—31 mclusive The cut was taken m order to 
exclude aspartic acid, but to mclude the overlappmg section 
of Band 1 1 1 contammg glycme and alanme The fractions 
were passed, m order, through a col umn of De Acidite B 
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•n-hich had been regenerated -mth sodnim acetate solution 
following the procedure given m Part 2 (p 618) The column 
was 26 cm m height, 3 62 cm in diameter and contained 
125 g (dry wt ) of resm (Sd-lOO mesh/m ) Glutamic acid 
was retained by the resm, and the neutral ammo acids passed 
through the column with only a small degree of retardation 
A chromatogram (Fig 2o) earned out on the effluent solution 
showed that the neutral ammo acids appeared m the same 
order as they occurred m the firactions passed mto the 
column Fractions 106-117 (Fig 26) contained serme and 
threomne only, and were bulked together This solution 
(1 21 1 ) was concentrated under reduced pressure and 
treated with a httle charcoal The concentrated solution was 
then evaporated to dryness and yielded a nurture of serme 
and threomne as a colourless crystaUme sohd (3 93 g , yield 
on protem dry wt , 6 1 %) 



105 110 115 no Friction no 


Ba^id III glyctne and alantnc Fractions 123-126 from 
the De Acidite column (Fig 26) and fractions 32-36 from 
the Zeo Karh column (Fig 16) were oombmed and yielded 
a cut contaimng glycine and alanine only This was concen- 
trated to small bulk, evaporated to dqi^ess tn vacuo, and 
yielded the mixture of the two ammo acids as a colourless 
orystallme sohd (3 48 g , yield on protem dry "wt , 6 4 /q) { y. 

Band IV valine and proline The valme prolme band was 
narrow and consequently was too overlapped to allow its 
isolation from the flowmg chromatogram obtamed by a 
smgle passage through the column A out was, therefore, 
taken which mcluded the overlappmg portions of Band III 
and Band V (fractions 37-46 mclusive. Fig 16) The fractions 
were passed, m order, to a column of Zeo Karb 216, 36 cm in 



Fig 2 a 




k Abnine 

yr'‘~Tbrgoninfe ' 



Fraaions 

105^117 


Fraaloni Fraawni 
13 ^ 1+4 145-148 



Fig 2 6 

Fig 2 Flowmg chromatogram obtamed by treatmg Band n, 
fractions 15-31 (Fig 1), on a column of De Acidite B 
Displacement developer 0 5 n HCl (o) Paper chromato 
gram earned out on fractions from the flowmg chromato 

gram (6) Key to ammo acids shown m Fig 2 o Glutamic 

acid was retamed by the column 

The glutamic acid contamed m Band H ivas recovered 
from the column by displacement with 0 6 n HCl followmg 
the procedure previously desenbed (Part 2, p 618) The 
chromatogram illustrated m Fig 26 shows that part of the 
glutamic acid appeared m the free state (fractions 139-144) 
and part as the hydrochloride (fractions 145-148) The 
mixed solutions from these two fractions were concentrated 
separately, and, after treatment with a httle charcoal, were 
evaporated to dryness and yielded glutamic acid (4 39 g ) and 
glutamic acid hydrochlonde (22 g) The combmed yield 
(calculated as fi:ee glutamic acid) represented 9 6 % of the 
protein (dry -wt ) The free glutamic acid had N, 9 6% tcalc 
forCAOiN,9 5%) 


Friction no 


Fractions 

Fag 3& 

Fig 3 Flowmg chromatogram obtamed by treatmg Band 
jfl^, fractions 37-46, (Fig I), on a narrow column of 
Zeo Karb 215 Displacement developer 0 16 it ISTHg 
(a) Paper chromatogram earned out on the firactions fiiom 
the Sowing chromatogram usmg lintaaol acetic acid 
water as the solvent (6) Key to ammo acids shown in 
Fig 3o 

height and 1 8 cm m diameter The column contamed 40 g 
(dry wd ) of the resm (60-80 mesh/m ) and was prepared 
exactly as desembed for the longer column 
The chromatogram obtamed on displacement mth 0 148 k- 
NHj IS reproduced m Fig 3o In this chromatogram the 
valme prohne band was much longer, and a centre portion 
wm cut (fraefaoDB 8-13 mclusive. Fig 36) which contamed 
valme and prolme only This, on evaporation, yielded the 
mixture as a colourless crystaUme sohd, 2 91 g (yield on 
^tem wt , 4 6%) It wfll be observed (Fig 36) that 
Iractionation on the narrower column also resulted m the 
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separation of t further quantity of glyoine and alaniae 
Inactions 1-3 contained glyome and alanine only, and 
yielded 0 71 g of the mixture as a crystalline sohd which 
was suitable for addition to the material obtamed from 
Band IH (yield on protem dry wt , 1 1 %) 

Band V meihwnxne., cystine and the tsamenc leucines 
Fractions 62-68 (mclusive) were mixed to give a solution 
containing the ammo acids of Band V together with a trace 
of vahne The solution on evaporation to dryness yielded a 
crystaUme product 6 2 g (yield on protem dry wt , 8 1 %) 
The isolation of the leucmes was of particular interest, and 
smce the remainmg components of the mixture, cystine and 
methionme, are both readily oxidized it was clear that a 
possible method of canymg out the isolation would he m 
treating the mixture with a mild oxidizmg agent m order to 
modify the properties of the two sulphur contammg ammo 
acids 

The crystaUme mixture from Band V (6 0 g ) was dissolved 
m water ( 1 1 ) and cooled by immersion m ice water Bromine 
water was added untd a permanent colour was obtamed, and 
the shght excess of bronune was removed by passmg a 
current of an- through the solution under reduced pressure 

A paper chromatogram showed that the cystme had been 
fuUy oxidized to oysteic acid, while the methionme gave rise 
to a well characterized compound, presumably the sul 
phoxide, which had Bjr values m various solvents that were 
identical with those given by the correspondmg compound 
prepared from an authentic sample of methionme C^steic 
acid was then removed from the solution by passing it 
through a column containing De Acidite B (of Consden, 
Gordon & Martin, 1948, Partridge & Westall, 1949) The 


Fractions 

fr-10 



L _L_ i. ■_ 1 > i I 4 _ 1 __1 1 I 

i 2 3 4 5 6 7 6 9 10 V 12 

Friction no 

Fig 4 Flowmg chromatogram given by fractions 62-68 
(Fig 1) after mild oxidation "with bromme water and 
removal of oysteic acid Displacement from a column of 
Zeo Karb 216 with 0 164N-NHg 

remammg solution was then further finctionated on a 
'column oontammg Zeo Karb 216 (dry wt , 40 g , height 
35 cm , diameter 1 6 cm ) by displacement with 0 164n NHj 
T he chromatogram obtamed is shown m Fig 4 Fractions 
6-10 mclusive (Fig 4) contamed the isomeno leucmes m 
a pure condition and on evaporation to diyness yielded 
colourless crystals 2 28 g (Found N, 10 6, calc for 
CjHjjOjN, 10 7, yield on protem dry wt , 3 6% ) 

DISCUSSION 

The greater part of the data presented m this paper 
has been derived fi:om the analysis of the flowmg 
chromatogram obtamed when the mrxture of ammo- 
acids resulting from the hydrolysis of a protem is 
displaced from a column of Zeo-Karb 216 by means 
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of a dilute solution of ammoma A cliromatographic 
separation of this kind is particularly smted to serve 
as the basis of a systematic procedure for the 
isolation of ammo acids on a preparative scale 
smce, by one passage through the column, the com 
phcated mixture of ammo acids may be broken down 
mto SIX or seven simple fractions, each m a form 
suitable for further fractionation 

The means to be adopted for the isolation of pure 
ammo acids from the simplified mixtures resulting 
from first passage through the column must depend 
to a great extent upon the personal choice of the 
investigator smce the aim is usually to prepare only 
a few of the ammo acids ocoumng m the protem, 
and it 18 often possible to obtam a good yield of one 
component by sacrificmg another With this m mmd, 
it appears probable that the classical methods of 
separation — fractional crystallization either of the 
free ammo acids or of then derivatives — ^would offer 
the most direct approach However, where the 
isolation of all or most of the ammo acids is equally 
desired, as may often be the case m experiments with 
labelled ammo-acids, it is clear that chromato 
graphic methods for completing the separation 
would be particularly desirable 

It has already been pointed out that, m the nutial 
passage through the cation exchange column, the 
bases and ammo acids separate mto bands com 
prismg components of similar affimty for the ion 
exchanger This ‘ affimty ’ is a complicated function 
m the case of the ammo acids smce they are ampho 
Ijdes All that should be necessary to secure the 
further separation of two components comprismg 
a band, is to refractionate the band under new 
experimental conditions such as to modify differ 
entially either the basic or the acidic ionization of 
the components 

Some of the possible vanations m experimental 
conditions that may be apphed to mduce further 
separations are as follows ( 1 ) The use of a water 
soluble organic solvent such as ethanol or acetone in 
order to modify the lomzation of the carboxyhc acid 
groups m the ammo acids (2) The utilization 0 
variations m temperature or concentration (3) The 
choice of a solvent mixture having a solvent water 
partition m favour of the ammo-acids it is desired to 
separate 

To these methods two further may be added 
(4) The choice of a second ion exchanger with 
different properties from that effecting the first 
separation (e g the use of an amon-exchange column 
to follow a separation earned out on a cation 
exchange column) ( 6 ) The properties of one or 
of the components of the mixture may be modi e 
by chemical means 

The effect of an orgamc solvent m differentially 
modifying the ionization of a pair of ammo acids 
(separation of type 1) may be illustrated by an 
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example, viz the isolation of glutamic acid from a 
mixture containing serme and threonme by use of 
60 % aqueous acetone as the solvent phase m a dis- 
placement chromatogram In one experiment the 
primary separation of a protem hydrolysate gave 
a mixed band compnsmg glutamic acid, serme and 
threonme This baud was cut so as to mclude these 
three ammo acids together with a httle aspartic 
acid The mixed solution was then displeiced from 
a second column of Zeo Elarb 216 by means of a 
dilute solution of ammonia (0 06n) m 60 % aqueous 
acetone The resulting cliromatogram is illustrated 
m Fig 6 and shows a satisfactory separation of 


Fnctloni Fractloni 





I ^ Kxj _ ■ 

I I I I I 1 I I I I < ' I I I I I I I — I I 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 IS 16 17 18 19 
Fraction no 

Fig 6 Flowing chromatogram given by the ammo acids 
of Band II on displacement from a column of Zeo 
Elarb 216 by means of OO6KNH3 m 60% aqueous 
acetone 

glutamic acid from the other components of the 
mixture , m addition there was a partial separation 
of serme from threonme This latter effect was 
probably due to the mtervention of solvent-water 
partition (separation of type 3) Smce the solvent 
uptake of Zeo-Karb 215 varied considerably with 
the acetone content of the solution, the resm was 
first treated alternately with 2N-NH3 and 2 n-HCI m 
60 % aqueous acetone before packing the column, 
and the acetone content of the solvent phase was 
thereafter mamtamed at the 1 1 ratio 

Separations of types 4 and 6 have already been 
reported m the text, but the possibdities of the 
various methods hsted above have not been fully 
explored, and no doubt further work will bring to 
hght other ways of takmg advantage of variations 
m environment to secure the separation of an 
mdimdual ion tjqie from a solution contammg 
related electrolytes 


SUMMARY 

1 A systematic procedure is described for the 
isolation of ammo acids from protem hydrolysates 
on a preparative scale 

2 Smce tyrosme and phenylalamne mterfere with 
cliromatographic separation on lon-exchange resins, 
these were first removed, together with soluble 
humm, by adsorption on charcoal Tyrosme and 
phenylalamne were recovered by elutmg the char- 
coal with aqueous phenol-acetic acid 

3 In the example given the charcoal-treated 
hydrolysis product of commercial egg albumm was 
fractionated on a column of Zeo-Karb 216 by dis- 
placement with ammoma solution 

4 The flowmg chromatogram so obtamed was 
analyzed by filter -paper chr omat ography Tlie results 
showed that the mixture had been resolved mto 
seven bands I, aspartic acid, II, glutamic acid, 
serme and threonme, IH, glycme and alanme, 
TV, vahne and prohne, V, leucme, isoleucme, 
methionme and cystme, VI, histidme and an un- 
identified ammo -acid, VII, lysme 

5 The ammo acids or ammo acid mixtures 
contamed m each band were recovered as salt- 
free crystalhne sohds by evaporatmg appropriate 
fractions from the effluent solution The crystaUme 
products obtamed represented a yield of 46 6 % 
calculated on the weight of dry protem 

6 The isolation of mdividual ammo acids by 
further fractionation of the simplified mixtures con- 
tamed m the bauds is discussed As examples of the 
procedures suggested, three such separations are 
described (a) glutamic acid was isolated from Band 
H by adsorption on De-Acidite B, (6) a mixture of 
the isomenc leucmes was isolated from Band V by 
selective oxidation with bro min e water, followed by 
further fractionation on ion exchange columns, 
(c) the separation of glutanuc acid from Band H was 
earned out by displacmg the mixture from a column 
of Zeo -Elarb 216 by use of a dilute solution of 
ammoma m 60 % aqueous acetone 

The experimental work recorded m this paper was earned 
out by Mr R G Westall and Mr R G Bnmley The partition 
chromatograms were performed by Mr D F Elsdenandthe 
photography by Mr D P Gatherum The work forms part 
of the programme of the Food Investigation Organization 
of the Department of Soientifio and Industrial Research 
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The narcotic action of urethane has been known for 
a long tune (Schmiedeberg, 1886), and the leuco- 
penic action was described by Hawkms & Murphy 
(1926) almost 20 years before its first climoal use m 
treatment of leukaemia (Paterson, ApTliomas, 
Haddow & Watkmson, 1946) Urethane has a 
relatively slow toxic action on cell nuclei causmg 
pycnosis It is a radiomunetic poison like trypa- 
flavme and, the mtrogen mustards (Dustm, 1947), 
and causes chromosome breaks (Boyland & Koller, 
1949) when given m larger doses This radiomunetic 
action may be associated with the mduction by 
urethane of lung tumours (Nettleship & Henshaw, 
1943) 

The nature of tlie biochemical lesions underlying 
the narcotic and radiomunetic effects is still un- 
known, although Fisher & Henry (1944) suggest 
that the respiration associated with activity rather 
than that concerned with the basal metabolism is 
primarily inhibited Meyerhof & Wilson (1948) have 
shown that phenylurethane inhibits hexokmase of 
mammalian cells 

An improved method of estunatmg urethane m 
tissues IS described m this paper, and this has been 
used to study the distribution and excretion of 
urethane m animals Urethane is hydrolyzed by 
caustic alkalis to yield ethanol and this reaction is 
the basis of the method of estimation described by 
Archer, Chapman, Bhoden & Warren (1948), and 
the present method 

EXPEBIMENTAL 

Preliminary trials showed that urethane was hydrolyzed at 
room temperature and at 37° by KOH, and the rate of this 
reaction in Conway units with different concentratioiis of 
alkali was followed by the method described by Winpick 
(1942) for estimation of the ethanol formed 

The course of the reaction, shown m Table 1, is such that 
the reaction is only complete m 16 hr if the fina l concentra- 
tion of KOH is 2 k If higher concentrations of alkah are 
used with whole blood, precipitation occurs and the results 
are irregular Urethane is not decomposed by KjCOj under 
these conditions and for this reason K^COj was added to the 
blank imit m canymg out determinations 


Method of estimation A standard volume of 1 ml 0 04x 
KaCkaOjin IOn H 2SO4IB placed m the central compartment of 
a Conway umt The sample, which should be less than 0 7 mg 
urethane, oontamed m 1 ml flmd, and 1 mL 4 k-K 0H, are 
plaeed m the outer nng of the imit A blank is set up with 
a 1 ml sample of urethane and 1 ml 2 m KjCOt The alkahs 
used must not contam volatile reduomg substances and are 
kept m glass stoppered bottles The umts are sealed and 
monbatedat37°for 16hr or more Attheendofthemcuba 
tion KI IS added to the acid KiCtjO, and the hberated I, 
titrated with 0 02 k NajSjOj The difference m titre between 
the two umts is proportional to the amount of urethane 
present, 1 ml 0 02K-NaiS203 is eqmvalent to 0 445 mg 
urethane 


Table 1 Hydrolysis of urethane at 37° 
(Yield of ethanol as % of theory at different tunes) 

KOH EjCO, 


Alkah used 

Emal cone m 
outer nng 

Urethane present 

(mg) 

Time (hr ) 1 
2 
4 
8 
16 
32 


6n 2n 


K 


0 6n 


M 


06 

40 

70 

101 

101 


0 26 0 5 0 25 0 6 0 26 0 6 0 26 0 5 


19 

83 

85 

100 

98 


13 

68 

76 

98 

96 


8 

67 

74 

84 


8 

66 

67 

92 


98 100 


8 

12 

12 

80 

92 


0 

23 

33 

76 

86 


Alternatively, the titration can be earned out with a 
Conway burette using 0 1 K Na^SjOj With this modifioatioii 

1 ml of 0 026n KjCtjO, m 10 k HtS04 is placed m the central 

compartment and the urethane sample (e g 0 1 mL blood) is 
mcubated with 2 mL of M K2CO3 as the blank, and a further 
0 1 ml blood treated with 2 ml 2 k-KOH m the outer nng 
of the second umt Thus by usmg a sensitive mioroburette 
the estimation can be earned out on 0 2 mL blood The 
amount of urethane and volatile rednomg matter m the 
sample must not be more than the eqmvalent of 0 6 mg 
urethane 

Dnphcate estimations agreed withm 6 % and the method 
could be apphed directly to blood, urme or tissue extracts 
deproteinized with tungstic acid or tnohloroacetac acid The 
distillation method could not be used with unne and some 
extracts on account of the frothing which occurred Deter 
mmataons on normal human blood and on blood of normal 
rats and rabbits gave no mdication of the presence of any 
substance reacting as urethane m this reaction 
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KESULTS 


more prolonged narcosis m tumour -bearmg than m 


Excretion of urethane Groups each of six rats kept 
m metabolism cages "were given mtrapentoneal 
mjections of 600 mg urethane/kg body weight, as 
a 5 % (w/v) solution The urme was collected and the 
urethane content determined No urethane was 
found m the urme of control animals, which were 
m 3 ectedwith 10 ml water/kg body weight Results 
of a typical experiment are shown m Table 2 The 
mjected animals excreted more urme than the 
controls so that the drug had a diuretic action, but 
only about 4% of the mjected urethane was excreted 
in urme 

Table 2 Excretion of urethane by rats 

(Stv rats mjected with 500 mg nrethane/kg body wt m 
6% (w/v) solation Six control rats mjected with 10 ml 


water/kg body wt ) 







Total 



Yol of Ttrme collected 

methane 

Urethane 

Time after 

, ^ 

N 

excreted 

excreted 

mjection 

Controls 

Treated 

(mg /kg 

(percentage 

(hr) 

(mL) 

(ml) 

body wt ) 

of dose) 

1 

Nil 

25 

1 0 

0-3 

2 

0 5 

80 

69 

14 

3 

05 

1 8 

81 

1 6 

6 

20 

30 

101 

20 

24 

40 

25 0 

20 4 

41 

Total urme 

70 

403 

— 

— 

Distribution of urethane in 

tissues 

Rats were 


mjected subcutaneously with 1 g urethane/kg body 
weight, and killed at different tunes after mjection 
A specimen of blood was taken and organs were 
removed and extracted with 2 vol of 10 % trichloro- 
acetic acid Urethane was estimated m the blood and 
m the organ extracts 

Deproteimzed extracts of rat hver, but not of 
other tissues, prepared with trichloroacetic acid, 
metaphosphorio acid or tungstic acid, produced 
volatile reducmg substances on standmg The 
nature of this material was not detennmed Deter- 
mmations earned out on fresh h\ er extracts appeared 
to be qmte satisfactory 

The results shown m Table 3 mdicate that m 
normal rats the urethane of a dose of 1 g /kg dis- 
appears from the body withm 24 hr As very httle 
urethane is excreted m urme and none could be 
detected m faeces most of the drug must be meta- 
bolized The metabolism is very much slower m 
tumour -bearmg rats, m which some urethane 
remains even after 48 hr 

Observation of the behaviour of rats mdicated 
that the tlireshold concentration of urethane for 
narcosis was between 60 and 80 mg /lOO ml blood 
Rats with blood concentrations of 60 mg /lOO ml or 
below were not anaesthetized, while those with con- 
centrations of 80 mg /lOO ml or over were anaes- 
thetized The same dose of urethane produced much 
Biochem 1949, 44 


anaesthesia for 8-12 lir m normal rats, but for 24 hr 
m tumour -bearmg rats 

Table 3 Urethane content of 'rat tissues after 
injection of \ g Ihg body weight 


A Nonnal rats 


Tune after 

Urethane present (mg /lOO g ) 

_A 

mjection 

f 



1 

(hr) 

Blood 

Bram 

Liver 

Spleen 

1 

140 

138 

— 

— 

2 

100 

85 

100 

no 

6 

90 

— 

80 

90 

18 

57 

75 

— 

40 

24 

0 

0 

2 

2 

40 

0 

0 

0 

0 

80 

0 

0 

0 

0 


B Eats with Walker caremoma 




Urethane present 



Tune after 

(mg /lOO ml ) 



mjection 

f 

—A ^ 



(hr) 

Blood 

Tumour 



1 5 

100 

100 



2 

75 

90 


« 

6 

93 

80 



IS 

110 

65 



20 

120 

no 



24 

77 

55 



40 

32 

16 



49 

10 

25 



55 

7 

0 



The mjected urethane was rapidly distributed m 
the organs of rats or rabbits with no mdication of 
localization of the drug m any one organ or tissue 

Urethane in blood of patients The method 
described was used for estimation of urethane m 
blood from patients under treatment with urethane 
The blood was collected m tubes containmg fluonde 
The highest concentration found m human blood 
was 59 mg /lOO ml m a leukaerma patient receivmg 
7 g urethane daily This patient was sleepy, but not 
anaesthetized, which suggests that the concen- 
tration of urethane mducmg narcosis is higher m 
man than m rats Another leukaemia patient who 
was given 6 g urethane daily had blood levels of 23, 
19 and 40 mg /1 00 ml on samples taken at weekly 
mtervals Patients dosed with 3 g urethane daily 
had blood concentrations of 10, 12, 12, 14, 16, 18 and 
19 mg /lOO ml 

Blood cholinesterase in patients treated with 
urethane As many potent inhibitors of chohn- 
esterase are urethane derivatives, the contmuous 
treatment with urethane rmght cause reduction m 
blood cholmesterase The esterase activity of the 
plasma with acetylchohne, benzoylchohne and 
acetyl-^-methylchohne as measured by liberation of 
carbon dioxide from sodium bicarbonate m the 
Warburg apparatus (following the methods of 
Hawkins & Gimter, 1946) are shown m Table 4 The 
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Table 4 Esterase aclvmty of human blood constituents under urethane treatment 


(Subjects received 3 g /day by mouth ) 




COj (gl /hr ) evolved by 1 0 ml plasma or 1 0 ml washed whole erythrocytes in 
presence of 0 026 m NaHCOg at 37° 

A 




Plasma 

A 


^ 

Erytlirocjtes 





f 


0 03m 

t 

0 03m 



0 06 m- 

0 06m 

Acetyl 

0 06 M- 

Acetyl )5 

Substrate 


Acetylcholme 

Benzoylchohne 

methylohohne 

Acetylohohne 

methylohohne 

MrE 


bromide 

oMonde 

chloride 

bromide 

chlonde 

1 day before treatment 


4760 

1766 

312 

1170 

1295 

2 days after begmumg of treatment 

4650 

2100 

240 

810 

1074 

^ tt >> 

ff 

4686 

1020 

685 

1780 

1270 

XI yy yy j) 

tt 

4230 

— 

280 

800 

1016 

X3 ff tt tf 

It 

4010 

— 

300 

1000 

1067 

20 yy yy It 

9f 

3350 

1280 

140 

1400 

1100 

Mrs A 







4 days before treatment 


1805 

600 

135 

2700 

1960 

2 hr ,, „ 


1840 

480 

175 

1180 


7 days after beginning of treatment 

1030 

672 

100 

1370 

1430 

9 >1 » 9> 

ff 

1371 

664 

114 

— • 

1600 


results indicate that urethane treatment causes a 
decrease m the ability of the plasma to hydrolyze 
acetylcholme In one case (Mr E ) this seems to be 
due to a fall m pseudochohnesterase as mdicated 
by the decreased hydrolysis of benzoylchohne In 
the second series (Mrs A ) the plasma showed a fall 
m true cholmesterase, as the samples taken durmg 
treatment hydrolyzed acetyI-/9-methylohohne more 
slowly 

Effect of urethane on tissue metabolism Urethane 
given to tumour beanng rats or mice m doses 
sufficient to inhibit rmtosis had no inhibitory effect on 
respiration or glycolysis of tissue shoes as measured 
m the Warburg apparatus (Table 6) Treatment with 
urethane caused a shght mcrease m respiration of 
tumour tissue The doses of urethane given would be 


Table 6 Effect of urethane on tissue metabolism 
m vitro 


(Measurements during 1 hr made m the appropriate Krebs 
Rmger solution with Warburg manometers at 38° Qoj m Oa 
and (9c5, values m /d /mg diy wt /hr ) 

Tissue fiom Tissue from Tissue from 
normal animals normal 

nrumplH treated animals 

without with OOllM 

addition urethane urethane 

A A ^ ^ A ^ 

Tissue Qcit 6c3, Qo^ 

Mouse lung 4 2 10 2 3 9* 7 6* 4 2 11 0 

Mouse jejunum (whole 12 6 19 2 16 7* — 11 2 18 3 
wall) 

BatWalkercarcmoma 29 0 9 2 28 9t 9 9t 28 7 9 9 

Eat-jejunal mucosa 6 36 — 4 95f — — — 

Rat-kidney medulla 25 4 — 26 9t — — — 

Rat-bram homogenate 70 — 6 If — — — 


* Mice fed on diet contaimng 2 % urethane for 3 days before 
measurements 

4 Rats given doses of 1 g urethane/kg body wt , on 
3 successive days before measurements 


sufficient to mduce cancer of the lung, and did 
inhibit mitosis of the jejunal mucosa and Walker 
rat carcmoma as shown by exammation of histo 
logical preparations of tissue from animals used for 
the manometric measurements The glycolysis and 
respiration of mouse lung and jejunum and of Walker 
carcmoma tissue from rats were not affected by 
0 OllM-uretliane added in vitro This concentration 
IS eqmvalent to that wluch produces cytological 
effects m these tissues in mvo 

DISCUSSION 

The results show that urethane disappears from the 
body of normal rats for the most part without bemg 
excreted It is presumably metabolized Expen 
ments carried out with urethane containing in 
the carbamate radical by Skipper, Bryan, White L 
Hutcliison (1948) have shown that very httle of the 
carbamate is excreted m urme, and that about 90 % 
of the radioactivity passes mto the respiratory gases 
m 24 hr 

The work with radioactive urethane also supports 
the findings m the present paper, that there is no 
accumulation of urethane m any particular organ 
and that the breakdown is slower m tumour-bearmg 
animals than m normal animals (Skipper, persona 
communication) The reduced metabohsm of ure 
thane m tumour-bearmg rats is not due to retention 
m the tumour, but is probably due to deficiency o 
enzymes concerned m the breakdown of the urethane 
molecule This would be comparable with the 
reduced content of other enzymes such as catalase 
(Greenstem, 1943, Weil Malherbe & Schade, 1948), 
D-ammo acid oxidase (Westphal, 1943), or argmase 
(Greenstem, Jenrette, Mider & White, 1941) m tie 
hvers of animals with tumours 
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The absence of inhibitory effect of urethane (given 
in doses ■which reduce mitosis) on tissue metabolism 
mdicates that urethane possibly inhibits some specific 
cell process or prevents the utilization of the energy 
of glycolysis or respiration from synthetic processes 
Studies on the effect of methyldi(2-chloroethyl)- 
anune (HlSr2) on the metaboh^ of the Walker 
carcmoma sho'wed a decrease m glycolysis some days 
after ■trea'tment (Boyland, Clegg, Koller, Rhoden & 
Warwick, 1948) Urethane resembles mtrogen 
mustard m its cytological effects, and a similar 
effect on metabolism had been expected The 
inhibit, inn of glycolysis observed with mtrogen 
mustard is probably due to effects on hexokmase, 
and this may not be the fundamental cause of the 
nuclear damage, but rather an mdication that phos- 
phokmases are affected Urethane may inhibit such 
phosphokmases (as yet umdentified) which are 
concerned with nucleoprotem metabolism, but the 
biochemical mechanism of its action is as yet 
unkno'wn 

SmOIARY 

1 As urethane is hydrolyzed by cold caustic 
alkah to give quantitative yields of ethanol, it can be 


estimated by mcubation with potassium hydroxide 
in Conway um'ts and determmation of the ethanol 
absorbed m acidpotassium dichromate Tins method 
can be apphed directly to blood (using 0 2 ml ), urme 
or tissue extracts 

2 EoUowing mjection, urethane becomes evenly 
distributed m all the tissues of the body Only a 
small amount is excreted m urme but the greater 
part IS me'tabohzed Tlie metabolism is slower m 
tumour -bearmg rats than m normal rats 

3 Of two patients treated with urethane the 
blood of one showed a decrease m true cholm- 
esterase while the blood pseudochohnesterase of 
the other patient decreased 

4 Treatment of rats or rmce with urethane m 
doses sufficient to cause inhibition of mitosis or 
mduce cancer of the lung did not reduce the respira- 
tion or glycolysis of hmg, jejunum or Walker 
carcmoma tissue 

This investigation has been supported by generous grants 
to The Royal Cancer Hospital from the British Empire 
Cancer Campaign, the Jane Coffin Childs Memonal Fund for 
Medical Research, the Anna Fuller Fund, and the U S Pubho 
Health Service 
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An Immune Globulin Fraction from Bovine Precolostrum 


By E I McDOUGALL,* Institute of Ammal Pathology, University of Cambridge 

{Received 20 August 1948) 


Tlus paper describes the preparation and partial 
characterization of an immune globulm fraction 
from bo\’me precolostrum This material was studied 
as part of a joint programme on diseases of young 
cahes because of its possible relation to colostrum, 
and the role of the latter m the transference of passive 
immunity to the suckhng animal 

* Present address Rowett Research Institute, Aberdeen, 
ocotland 


Bo^^ne precolostrum is a viscous honey-like 
substance obtamed from the udders of pregnant 
heifers at about half term It was first described by 
Woodman & Hammond (1923) and AsdeU (1925), 
who showed that it was deficient m the normal con- 
stituents of milk, but very rich m globuhn They 
suggested that it might prove rich m antibodies, a 
pomt recently demonstrated by Blakemore (1947), 
and that its accumulation m the udder weU befoi4 
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calvmg and its subsequent dilution by a true lacteal 
secretion would account for the composition and 
properties of colostrum and the rapid change from 
colostrum to milk- after calvmg 

Colostrum itself was shown by Orcutt & Howe 
(1922) to be rich m easdy salted-out globuhns and 
antibodies, both of which were absent from the serum 
of the newborn calf, but appeared therem after the 
mgestion of colostrum Tins work explamed the 
eiqieriments of Smith & Little (1922), which showed 
that feeding colostrum prevented losses of calves 
from infections m the first week of life, and suggested 
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that one of the most important constituents of 
colostrum was an immune globuhn Such a protein 
has recently been prepared from this source and 
mvestigated by Smith (1946 o, b) 

An im m une globuhn from bovme precolostrum 
has been mvestigated m the present work Tina 
secretion has been exammed for Howe’s (1922) 
mtrogen fractions, bulked samples fractionated, 
the fractions exammed for the distribution of anti 
body and the properties of an immune globulin 
fraction mvestigated, mainly by physico chemical 
methods 


Table 1 Nitrogen fractt07i3 in bomne precolostrum 


(Fractionation by a modification of Howe’s (1922) method ) 


Nitrogen (g /lOO ml ) 


Sample 

Total 

Globuhn 

Casern 

Albumm-f 
non protem 

Euglobuhn 

Pseudo 
globuhn I 

^ 

Pseudo 
globuhn H 

Heifer 7 

4 72 

3 61 

0 62 

0 49 

1 10 

212 

0 39 

Heifer 16 

3 62 

2 76 

0 60 

0 37 

1 86 

0 89 

0 01 

Bulk I 

6 04 

4 60 

0 20 

0 23 

3 17 

123 

0 20 

Bulk n (diluted) 

2 23 

2 05 

0 

018 

131 

0 70 

004 


Table 2 Fractionation, method I 


Pbecolosteum 

(Bulked samples 132 g , with sahne to 460 ml ) 

10 mm with HO Ac +NaOAo at 40°, 
then +NaOH to pH 6 9 

DmuTED Peecolosteum 
(less fat and casern, 600 ml ) 

(NJhljSO^ ■ 


Dialyzed m 1 


I to 2 06 m 


Precijntate 

Washed with 2 06m (NH4)2S04, 
dissolved m sahne, dialyzed until 
free from SO4 — 

I 

Total Globulens 
(m sahne, 226 ml ) 

Dialyzed with tap water, then distilled 
water until free from Cl~ 


Filtrate 

rejected 


Preci|)itate 

Washed with distdled 
water, dissolved m sahne 
\ 

Euglobulik a (16 ml ) 


Precipitate 

Washed with distilled water, dissolved 
m sahne 

4 

Euglobulin B 
(lOOml) 


Supernatant 

PSEUDOGLOBULIN+EnGLOBULIX B 

(200 ml ) 

HOAo to pH 6 6 


Supernatant 

4 

PSEUDOOLOBULIN 
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Nitrogen fractions 

It hag been noted that bovine colostrum is rich m 
easily salted-out globulins, viz the euglobuhn and 
pseudoglobuhn I fractions of Howe Accordingly, to 
see how the proteins of precolostrum compared with 
those of colostrum m tins respect, the distribution of 
mtrogen m different fractions was mvestigated m 
four samples of precolostrum usmg a modification of 
Howe’s (1922) method 
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Table 1 shows that of the globuhn N, which forms the 
greater part of the total N, a high proportion belongs to the 
more easily salted ont euglobuhn and psendoglobulin I 
fractions In this respect it resembles the globuhn N of 
bovme colostrum If the antibodies m the two seoretions have 
pimiJnr saltmg out limits, then precolostrum should be agood 
source of an easily salted out immune globuhn fraction 

Bulk fractionation 

Two lots of bulked samples of precolostrum, bulk I 
and bulk II (diluted) of Table 1, were accumulated 
for fractionation The methods of fractionation 
employed depended on differences of solubihty m 


PRECOLOSTRAL GLOBULIN 


Table 3 Fractionation, method II 


Peeoolosteum 

(Bulked samples with sahne to 450 ml ) 

With HOAo-hNaC)Ao 10 mm at 40°, 
then with NaOH to pH 6 4, diluted 
with sahne 

DELWIEn SaECOLOSTBUM 
(less frit and oaaem) 

Dialyzed m (NH^l^sd^ to 33 % saturation 


Preoi|)itate 

Washed with 33% saturated 
(EHilsSOi, dissolved m sahne, 
dialyzed with sahne untd free from 

so*-- 

Eeaotion 0/33 
(600 mL) 


Supernatant 


Dialyzed in (Nli)tSO*to40% 
saturation 


Precipitate 

rejected 


Pdtrate 


Dialyzed m (NHjliSO, to 60 % 
saturation 


Preci|)itate 

Washed with 60% saturated (NH 4 ) 3 S 04 , 
dissolved m sahne, dialyzed with sahne 
untd free from SO^ — 

4 - 

Fbaotion 40/60 
(160 ml ) 


Pdtrate 

rejected 


The globuhn was divided mto euglobuhn, pseudoglobuhn I 
and pseudoglobuhn 11 fractions by precipitation with 14, 18 
and 22% (w/v) Na^O^ at 34° Casern, however, was esti- 
mated by acidification of tbe dilution m sahne used for tbe 
total hr estimation with acetic acid, and not by acidification 
of the filtrate from 14% (w/v) Na 2 S 04 , as m the original pro 
cedure, allowance was made for its precipitation by 18% 
(w/\ ) Nn^Oj in calculating pseudoglobuhn I This modifica 
tion seemed justifiedas, on comparison of the two procedures 
m the analysis of precolostnim, the former gave lower values 
than the latter, and this suggested that protems additional to 
casern were precipitated when the original method was used 
tonsequentlj, the present values for casern are sbghtly 
lower and for pseudoglobuhn I shghtly higher than would 
otlicrwise have been the case 


water and concentrated ammommn sulphate solu- 
tions respectively and are given schematically m 
Tables 2 and 3 

In both methods the bulked samples were first diluted m 
about 450 ml salme, any fat and casern were removed by 
acidification, and the pH readjusted to approximately 
neutral (NH^jjSO^ was mtroduced by dialyzmg m the 
calculated amount of salt from a rotatmg cellophan sac, and 
precipitates were removed by centrifugation 

In the first method the total globulins were separated at 
2 05ar (NH^jjSO^ , and dialyzed against water to give fraction 
euglobuhn A, the supernatant was adjusted to pH 6 6 and 
separated mto euglobuhn B, and pseudoglobuhn fractions 
The euglobuhn fractions were finally dissolved m sahne 
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In the second method the solution of precolostrum was 
brought to 33 % saturation with (lSrHj) 2 S 04 to give a precipi- 
tate of fiaction 0/33, the supernatant was brought to 40% 
saturation and the precipitate rejected, the filtrate from this 
was then brought to 60 % saturation to give a precipitate of 
fiaotion 40/60 the filtrate from this was rejected The two 
fractions were dissolved m sahne to give a rather turbid white 
solution (0/33) and a clear pink brown solution (40/60) 

An approximate N balance sheet of both fractionation 
procedures wm obtamed by measunng the volume and N 
content of solutions at difierent stages of the procedure The 
results are given m Table 4 In method I, the water soluble 
pseudoglobuhn fraction accounted for 72% of the globulm 
imtially separated and m method 11, the readdy salted out 
fraction 0/33 contained 74 % of the total N m the startmg 
matenal 
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colostrum has been reported m two papers Orcutt 
&Howe (1922) found an upper hmit of 16 6g /100ml 
for the precipitation of antibodies to Escherichia colt 
and Brucella abortus by sodium sulphate, and Smith 
(1946a, b) prepared an immime globuhn fraction by 
precipitation at 0 3 saturation mth ammomum 
sulphate The present antibody globuhn of pre 
colostrum therefore resembles that of colostrum in 
its saltmg out behaviour 

The 0/33 (NH^/jSOj fraction would be descnbed as a 
euglobulm m Sorensen’s termmology However, it has been 
seen that the antibody was also found m the pseudoglobuhn 
fraction obtamed by dialysis The terms euglobulm and 
pseudoglobuhn therefore need some discussion They have 


Table 4 Distribution of nitrogen and antibody in fractionation experiments 


N content of fraction 


Fraction 

Approx 

vol 

(ml) 

(g /100 ml) 

Total in 
fraction 
(g) 

As % of 
globulm N 

As % of 
total N 

Tztre to 
Brucella 
abortus 

Mute precolostrum 

Fractionation method I 

450 1 48 6 65 



320 

Mute preoolostrum less fat and casern 

500 

1 14 

6 03 

— 

— 

320 

Total globulins 

226 

135 

3 36 

— 

60 5 

320 

Euglobulm A 

16 

0 06 

0 01 

03 

0 16 

Absent 

Pseudoglobulm -f euglobulm B 

200 

120 

300 

— 

— 

320 

Euglobulm B 

100 

0 40 

0 57 

17 0 

86 

Absent 

Pseudoglobulm 

175 

0 97 

242 

72 0 

36 9 

320 

Albumin, casern and losses 

— 

— 

3 65 

— 

— 

— 

Mute preoolostrum 

Fractionation method 11 

460 2 23 10 0 




Fraction 0/33 

600 

140 

74 

— 

74 

320 

Fraction 40/60 

160 

016 

026 

— 

26 

Absent 

Albumm, casern, fraction 33/40 and losses 

— 

— 

2 36 

— 

23 6 

— 


Distribution of antibody 

The agglutinm to Brucella abortus is one of the 
antibodies that have been studied m bovme colo 
strum This is because it is a convement antibody 
for many purposes smce it occurs fi-equently m this 
species and can be easily titrated, and not because it 
IS of any impoidiance to the newborn calf This anti- 
body was known to have been present m the bulk 
samples of precolostrum used m the present work 
Its distribution m the vanqus firactions obtamed 
above was therefore determmed as a gmde to the 
nature of the globuhn of this and possibly of other 
antibodies m the secretion As shown m Table 4, it 
was present m the pseudoglobuhn fraction obtamed 
by dialysis m method I and m fraction 0/33 obtamed 
by saltmg out m method II and was absent from the 
remammg fractions 

The distribution of antibody m the ammomum 
sulphate fractions shows that the antibody globulm 
was a readily salted-out globuhn This property 
provides a broad basis for comparison with other 
protems that are possibly related The saltmg-out 
behaviour of the immune globulins of bovme 


been apphed to the water msoluble and water soluble 
fimotions obtamed by dialysis, to protems preoipitatmg m 
the ranges 0-33 and 33-50% saturation with (NHi/jSOi, to 
proteins -‘precipitatmg m the ranges 0-14 and 14-22% 
NajSO^ respectively and to firaotions obtamed by precipita- 
tion at difierent concentrations of ethanol It is jiossible to 
adjust the conditions of these precipitations to yield quauti 
tatively similar results, but this m itself is msuffioient proof 
that the fractions obtamed by the difierent methods are 
quahtatively the same or are definite chemical entities In 
fact, both fractions obtamed by dialysis of serum protems 
have been shown to be eleotrophoretically pauoi disperse, 
and salting out methods have yielded fractions containing a 
smgle electrophoretic component which can be further 
separated into water soluble and water insoluble fractions by 
dialysis It is evident from the present results that antibody 
globuhn cannot be descnbed as an euglobnlm or a pseudo- 
globulm without qualifying the term by the conditions of 
separation 

Electrophoretic examination of fractions 0/33 and 
40/60 in solution 

As the relation between pro tern firactions obtamed 
by dialysis and the ongmal protem is uncertam, and 
as saltmg out methods have been used successfully 
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m separating serum globulms, furfclier examination 
of the fractions described m the preceding section -was 
hmited to those obtained by saltmg out with 
ammomum sulphate These fractions were examined 
by electrophoresis m the Tisehua apparatus to 
obtam information on their purity and to enable 
some comparison to be made witli other proteins 
The two fractions, were examined at 4° nsing a simple 
schlieren optical system, I month after preparation, and at 
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20® using the Phdpot diagonal schheren optical system, 
7 months after storage at 4° The velocity of each component 
was obtamed either graphically by following its migration 
with a gronnd glass scale or a cathetometer, or by measiinng 
photographs taken near the start and finish of the electro 
phoresis, or by both methods 

The number and proportion of the chief components were 
similar at the two temperatures, but the mobibties were 
appreciably higher at 20° than at 4° (see Table 6 and Fig 1) 
At 4°, fraction 0/33 showed a single strong band with a 
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Table 5 Electrophoretic examination of fractions 0/33 and 40/60 
in the Tisehua apparatus 


Temperature 





4° 

A 


20° 

A 


Fraction 


0/33 



40/60 

' 0/33 

40/60 ’ 

Buffer 

( 

Phosphate 


\ 

Borate 

Phosphate 

Phosphate 

Phosphate 

pH 


70 



86 

70 

76 

76 

lomo strength 


0 1 



0 06 

0 1 

01 

01 

Pro tern concentration (g /lOO mol) 


10 



10 

10 

16 

10 






Jlobihty (p /sec /V /cm ) 







A 

A 

K 

k 

Component 

1 

Aso 

, 

Desc 

\ r" 

Aso 

Desc 

! % 
Abo Desc 

t \ r 

Aac Desc 

Abc Deso 

1 


— 


— , 

— 

— — 

— — 

1 61 1 37 

2 

— 

— 


— 

— 

1 60 1 37 

— — 

1 27 1 03 

3 

— 

— 


— 

— 

1 02 0 93 

— — 

120 — 

4 

— 

— 


— 

— 

0 51 0 60 

— — 

102 0 84 

5 

0 38 

040 


046 

0 37 

0 40 0 34 

0 74 0 54 

0 88 — 

6 

0 20 

016 


023 

024 

0 26 0 23 

0 41 0 36 

0 66 0 50 

7 

— 

— 


— 

— 

0 14 — 





V. - 




t 

^ , 

V / 


Chief component 



"V“ 

6 



4 

V 

6 

V ^ * 

4 

Coloured component 



6 



4 

6 



Time 
(min ) 

58 


332 


I 

6 



(a) 


Time 
(min ) 

52 

A Lj 

322 

I 

6 


Time 
(min ) 

0 



Time 
(min ) 

0 


200 



275 



rCOi 



1 


6 


I I 
4 2 


1 

1 


200 


Ascending 


( 6 ) 


Pig 

E 


Descending 


xNos 1 , 4, 5, 6 m the diagram mdicat 


. . I 5 g /lOO ml , 
uiagram mdicate components. 


536 


E I MoDOUGALL 


mobility of approximately 0 2 n /sec /V /cm at pH 7 0m 
phosphate buffer and at pH 8 6 m borate buffer, this band 
became rather diffuse at the end of a day’s run a second com 
j)onent with a mobdity of 0 4 /x /sec /V /cm was detected by 
its brownish pmk colour, but was not present m suflBcient 
concentration to give a band Fraction 40/50 showed six 
hands, some of them only just disoermble the chief compo 
nent, no 4, had a mobdity of approximate 0 6 p. /sec /V /cm 
at pH 7 0m phosphate buffer the pmk colour appeared to 
be present and to move at the same rate 

At 20°, fraction 0/33 showed one mam peak with a 
mobdity of approximately 0 4 p /sec /V /cm at pH 7 6 m 
phosphate buffer, which became squat towards the end of 
the day’s run The coloured substance could be seen but gave 
no peak, it had an average mobdity of 0 6 p /sec /V /cm 
A number of small peaks were xnsible which were probably 
due to convectional disturbances Fraction 40/60 agam 
showed six components, the chief component, no 4, had a 
mobdity of approximately 0 9 p /sec /V /cm at pH 7 6 m 
phosphate buffer 

The differences m mobdities m the two sets of expenments 
are greater than would be expected to arise from the small 
differences m pH of the measurements, as the latter were 
made on the alkahne side of the isoeleotnc point where the 
slope of the pH mobdity curve of protems is least They are 
probably due to the effect of temperature on viscosity, smce 
an approximate correction for the latter, usmg the visoosity 
data for water of Svedberg & Pedersen (1940), reduces the 
mobdities of the chief components of fractions 0/33 and 
40/60 at 20“ from 0 38 and 0 93 p /sec /V /cm to 0 24 and 
0 69 p /sec /V /cm , at pH 7 6 m phosphate buffer, at 4“ and 
these values are sufiffoiently close to the experimental results 
at 4“, at pH 7 0m phosphate buffer, namely, 0 18 and 
0 61 p /see /V /cm Unfortunately it was not possible to 
extend the present work to mclude measurements at a senes 
of different pH values at the two temperatures and so 
descnbe the electrophoretic properties of the fractions more 
completely 

Comparison of the present results at the" appropri- 
ate temperature can be made xvith those obtamed by 
other workers on protems of bovme ongm this is 
shown m Table 6, where the mobdities have been 


1949 

rounded off to the first decimal place, and when 
necessary the average of the ascendmg and de 
scendmg mobdities has been taken Tlie mobdity of 
the chief component of fraction 0/33 at 4° does not 
correspond to that of any of the normal serum 
globulins, bemg about tmce as fast as bovme 
y globulm it IS approximately the same as that 
found for the immune globulm of colostrum and 
whey, and the T-component of immune plasma 
by Smith (1946 a, b), the component tj, of colostrum 
described by GronwaU (1947) and the y globulm 
appearmg m the sera of young calves on the mgestion 
of colostrum, reported by Jameson, Alvarez- 
Tostado & Sortor (1942) and San Clemente & 
Huddleson (1943) 

The mobdity of the mam component of fraction 
40/60 at 4° was smidar to that of the mam component 
of fraction A, casern, of colostrum, described by 
Smith (1946o, b) and to that of component one of 
the characteristic protems of colostrum foimd by 
GronwaU (1947) As the amount of casern m pre 
colostrum was very smaU and any present was 
removed m the fractionation process, the mam 
component of this fraction is possibly the same as the 
protem %, referred to above The mobdity of the 
fastest component of fraction 40/60 at 20° is sundar 
to that found by Pedersen (1937) for lactoglobuhn at 
this temperature 

The coloured component appearmg m both 
fractions showed a mobdity sundar to that of other 
proteins described m colostrum, but as the colour of 
the latter has received no special comment, the 
resemblance is probably superficial 

Fraction 0/33, it has been noted, contamed one 
mam component The diffuseness of the hands m tlie 
expenments at 4°, and the flatness of the curves m 
the expenments at 20 °, appear greater than might be 
expected to arise from diffusion alone, and suggest 
that the preparation was heterogeneous Unfortun 


Table 6 


Eeference 

Present paper 

Smith (1946 o, b) 
Smith (1946a, 6 ) 
Smith ( 19460 , b) 
Smith (1946 a, b) 
GronwaU (1947) 
Jameson ei al (1942) 
Present paper 

Smith (1946a, 6 ) 

GronwaU (1947) 
Present paper 

Pedersen (1937) 


Oompanson of mobility of precolostral proteins and of other bovine proteins 


Protem 

Precolostrum, fiuotion 0/33 

Colostrum, immune globuhu 
Whey, immune globuhn 
Plasma, T component 
Plasma, y globuhn 
Colostrum, component tj 
Serum of suoklmg calf, y globuhn 
Precolostrum fraction 40/60, chief 
component 

Colostrum, fraction A, casern, chief 
component 

Colostrum, component, ij 
Precolostrum, fraction 40/50, fastest 
component 
Lactoglobuhn 

* These figures have been rounded 


Mobdity* 

(n /sec /V /cm ) Temp (°) 


02 

4 

02 

1 

02 

1 

02 

1 

0 1 

1 

02 

— 

02 

OJ 

06 

4 

06 

1 

06 

— 

1 6 

20 

1 6 

20 


off to the first decimal place 


pH Buffer 

7 0 Phosphate 

8 6 Borate 

8 4 Veronal 

8 6 Veronal 

8 6 Veronal 

8 6 Veronal 

7 7 Phosphate 

7 7 Phosphate sahne 

7 0 Phosphate 

8 4 Veronal 

7 7 Phosphate 

7 6 Phosphate 

7 5 Phosphate 
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ately, the runs had already taken too long for it to be 
practicable to test tins pomt by reversal of the 
current However, the heterogeneity constant (H), 
defined by Sharp, Hebb, Taylor & Beard (1942), was 
assessed from the second moments of the gradient 
curves of Fig la and the values 0 047 and 
0 064 p /sec /V /cm obtamed for the ascendmg and 
descending boundaries respectively, these values 
would be shghtly reduced by aUowmg for the effect of 
diffusion on a slow-movmg boundary they compare 
with the value found by Sharp et al (1942) for 
their horse pseudoglobuhn I preparation, viz 
0 07/x /sec /V /cm The heterogeneity was further 
tested by calculating the third and fourth moments 
of tlie curves of Fig 1 a at the end of the run these 
mdicated that the mobihties were normally 
distributed 

The heterogeneity found nught have arisen durmg 
the course of fractionation which mvolved am- 
momum sulphate precipitation and dialysis at room 
temperature and extended over some 3 weeks, but 
t,hiH cannot be asserted without comparable data for 
this component before fractionation, which were 
not obtamed m the present mvestigation 

Further exa'rmnatwn of fraction 0/33 

Of the two firactions obtamed by saltmg out, 
fraction 0/33 was found to contam an antibody 
glob ulin and to consist of one electrophoretic 
component The properties and purity of this 
fraction were therefore further mvestigated The 
electrophoretic behaviour of the adsorbed protem 
was studied to give the iso-iomc pomt of the protem 
and to allow a comparison of the mobihties of the 
dissolved and eidsorbed protem , the mean molecular 
weight was studied by osmotic pressure measure 
ments , the number of thermodynamic components 
was mvestigated by solubihty methods and the 
mtrogen content and the partial specific volume 
determmed 

Electrophoresis of the adsorbed protein The mobUity of the 
protem adsorbed on droplets of Nnjol (hqmd paraffin) m 
buffers of varying pH and lomo strength was determined m 
a micro electrophoresis ceU m an ultramioroscope The 
emulsion was made by runnmg a boilmg solution of 1 ml 
Nujol m 20 ml ethanol through a fine capillary tube mto 
boihng water (1 1 ), and removmg the ethanol by boilmg off 
about half the water Acetate and phosphate buffers were 
made to cover eight pH values from 4 0 to 7 7, each at five 
different lomc strengths from 0 02 to 0 2, with the aid of a 
Cartesian nomogram based on the data of Green (1933) The 
solution for the mobihty measurements was made by addmg 
1 ml of 1 6 g /lOO ml solution of the protem m sahne to 1 ml 
of Nujol emulsion m a 50 ml flask, addmg the appropriate 
amounts of standard acetic acid and NaOH or KH.PO4 and 
KOH solutions, and makmg up to a volume with water The 
solution after standmg 15 mm was mtroduced mto a double 
tubed cell smular to that of Snuth L Lisse (193G), but fitted 
inth reversible Ag AgCl electrodes m compartments separ 


537 

ated from the rest of the cell by a oonstnotion plugged with 
cotton wool The electrodes were connected through a mdli- 
ammeter and a reversmg switch to a variable resistance 
connected across 200 V do mains A voltmeter could be 
connected across the electrodes when desired The apphed 
potential was varied so that the current flowmg through the 
cell did not exceed 6 ma , m order to avoid any convection 
disturbances through the heatmg effect of the current The 
velocity of the adsorbed protem was obtamed by timin g ten 
droplets m both directions across a cahbrated eye piece 
micrometer, with a stopwatch readmg to 0 1 sec These 
measurements were made at the central stationary level of 
the smaller tube, this level was easily determmed expen 
mentally by a senes of measurements at vanous apparent 
depths The conductivity and pH of the solution were 
measured after its removal from the celL 

It was difficult to mamtam constant conditions of measure 
ment m some cases because of the heat produced by the lamp 
Some typical figures m Table 7 show that the temperature 

Table 7 Constancy of conditions of measurement 
of mobility in the micro electrophoresis ceU 

Potential difference (V ) 


Start 

88 

88 

84 

108 

110 

126 

Finish 

88 

86 

84 

110 

110 

127 



Current (ma ) 




Start 

43 

4 28 

40 

3 97 

42 

46 

Finish 

46 

4 68 

4 28 

4 18 

4 35 

4 96 



Temp (°) 




Start 

23 

23 

24 

26 

27 6 

26 

Finish 

24 

26 

26 6 

27 

28 

26 6 


and(probably as aresultofthis) the current flowmgmoreased, 
while the apphed potential remamed constant Conse 
quently, it was more oonvement to calculate the potential 
gradient from the potential difference across, rather than 
from the current through, the cell Any error mvolved m this 
procedure was small smce good agreement was obtamed 
with figures based on a mid value for the current, as shown m 
Table 8 

Table 8 Comparison of the values of the potential 
gradient obtained from (a) the potential difference 
and the length of the capillary tube, and (b) the 
current and the conductimty of the solution 

Potential gradient 

Method of (V /cm ) 

calculation , ^ 

(а) 12 8 12 8 22 6 22 5 8 8 8 8 6 3 6 3 

(б) 12 2 12 0 23 4 22 6 8 7 8 8 6 1 6 0 

The final protem concentration obtamed m this method 
namely 0 03 g /lOO ml , was shown to be sufficient to cover the 
droplets by (1) detennmmg the pH mobihty curve of Nujol 
droplets alone at 0 1 lomc strength, which showed mobihties 
several tunes greater than when protem was present, and 
(2) detennmmg the mobihty of droplets at pH 7 48 and lomc 
strength 0 1 m the presence of a decreasmg concentration of 
protem, at the lowest protem concentration, 0 001 g /lOO ml 
this showed droplets of two distmct mobihties, mdicatmg 
coated and uncoated droplets, and at higher protem 
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concentrations, a uniform value, decreasmg slightly with 
increase of protem concentration, probably because of the 
effect of viscosity 

The pH mobihty curves were drawn from the data obtained 
at different lomc strengths (not mcluded here) The appro 
pnate mobihty of the adsorbed protem, 0 97 p /sec /V /cm , 
was considerably higher than that, 0 4 p./sec /V /cm , found 
for the dissolved protem m the Tisehus apparatus at 20°, hut 
was close to the value, 0 93 p./seo /V jom , found for the 
chief component of fraction 40/60 m solution 

The iso lomc pomt of the awisorbed protem was derived 
from the pH mobihty curves as follows (1) the mobihty at 
different lomc strengths for each of eight constant pH values 
was mterpolated and plotted agamst the square root of the 
lomo strength, givmg hnes (Fig 2) that were evtrapolated to 



Fig 2 




give the pH mobihty data at zero lomo strength (Fig 3) from 
which an iso lomc pomt of pH 6 13 was obtamed, (2) the iso 
eleotno pomts at the different lomc strengths were mter 
polated and plotted against the square root of the lomo 
strength (Fig 4) and extrapolated to give an iso lomo pomt 
of pH 5 15 

The different mobihties of the protem m the 
adsorbed and dissolved state may be explamed by 
mcreased ionization on adsorption There are, hoiv- 
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ever, few proteins for which data are available for 
makmg a comparison hke this Horse serum 
albuinm, egg albumm and horse serum pseudo 
globuhn were studied m solution by Tisehus (1930, 
1937 a, b) and adsorbed on mert particles by 
Abrahamson (1932) and Moyer (1938a, b) Tlie data 
on serum albumm showed good agreement, but m 
the case of egg albumm, the pH-mobdity curve of 
the absorbed protem was shghtly displaced to give 
an isoelectric pomt at pH 4 82 instead of at pH 4 65 
The data for adsorbed pseudoglobuhn showed good 
agreement with the early work of Tisehus m which 
the migration of tlie boundary was followed by ultra 
violet adsorption at 20° This agreement, however, 
requires qualification as Tisehus later resolved the 
pseudoglobuhn mto a- and y globuhn ivith lus 
unproved apparatus workmg at 0°, so that this 
comparison has not been made on a pure protem 
Adsorbed unfractionated horse serum globuhn was 
studied by Moyer & Moyer (1940), and was found to 
behave hke the a-globulm of Tisehus, if allowance 
was made for the different temperatures of measure 
ment, this suggested that adsorption had been 
selective There is thus some evidence against the 
view that adsorption affects the ionization of a 
protem This favours an alternative explanation of 
the present results, viz that a trace of some substance 
more surface-active than the chief constituent of the 
fraction was present This possibility is supported by 
similar moBihties noted for the adsorbed protem and 
the chief component of fi:action 40/50 m solution 

Mean molecular weight The osmotic pressure of a senes of 
ddutions of the fiuotion m sahne was determined m an Adair 
type osmometer m a thermostat at 20° The position of the 
descendmg inner meniscus was followed with a oatheto 
meter, the mitial rapid fall of the memscus was succeeded 
by a shght but steady decrease due to alow denaturation of 
the protem The equdibnum position was obtamed by 
plotting the observations and extrapolatmg to zero tune At 
the end of the expenment, the osmometer was dismantled 
and the capillary correction, pH and mtrogen content of the 
solution determmed The corrected pressure p was assumed 
to be due to protem of concentration c, calculated from the 
mtrogen content and an experimentally determmed factor 
6 60 (see p 640) as the Dorman effect of the protem m normal 
salme should be neghgible 

The residts are shown m the graph ofp agamst c m Fig 6 
Except at the lowest eoncentrations, the pomts fall on a 
straight lin e which, however, does not pass through the 
ongm The molecular weight was evaluated by plotting pjc 
againstcmthree ways, shown m Fig 6 (l)lme A corresponds 
to the experimental data and mdicates an uncoirected 
molecular weight of 170,000 at the higher concentrations, but 
18 too curved to extrapolate to c = 0 , (2) Ime Bis derived from 
the curve drawn to fit the experimental data and to pass 
through the ongm, on extrapolation to c=0 it gi'cs a 
molecular weight of 300,000, (3) line C is obtamed from the 
experimental data adjusted to an ongm at the mtersection 
of the straight Ime through them with the c axis, on extra 
polation to c =0 it gives a molecular weight of 146,000 
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Ab t}io results obtflinod at tlio ]o^\CHt coiicciitmtions nro 
less accurate, because of the rclntnoly greater capillary 
correction, than those obtained at higher conccntrationB, tho 
latter, uliich fell appro\iinately on a straight line, nro more 



Protein concentration, c (E./100 ml ) 


Fig C 



Ifig 0 


significant and fa\ our trentnu nt (3) nbot e The failure of tho 
hiK, howeur, to pass through the origin is diflicult to 
inttnirtl. It clenrlj cannot bo duo to nnj effect that is a 
function of tho protein concentration It may indicate that 
n constant amount of protein tins denatured on suiting up 
tach OHinometer or that the membranes hud an nsymmltiy 


potential giving anomalous osmosis As tlioro Is no cvidont 
reason u hy either process should have ocoiirred, it is probably 
more plausible to accept tout'alnoly Iroatment (2) giving 
lino Ji and an apparent iiioleoulnr uoiglit of .500,000, 

'i’lim value is somuwliat higher than tlioso found for 
immiino bovine oolostnil globulms by Smitlv (lOdOu, h), 

180 . 000 , and for Horiim globulins by Adair &. Kobinson (1 IhiO), 

175.000, and by Burk (1037), 173,000, His quite dilloroiit 
from that found fm laotoglobulm by J’cdorson (1037), A 1 ,500 
and 38,000 and for tlio immune globulin of bovine anti 
pnoumoooooUH serum by Kabat (1930), 010,000 

Solubtltly As iho piuiiy of a propiuatioii of liigli 
inolocular woight is not ostabhsliod by any ono 
onlorion snob as olooti ophorotio mobility, tho 
number of tlioi modynamio compononts m iho 
fraction was mvostigatocl by two solubility motliods, 
namely, tho salting out omvo of Cohn (1925) — 
solubility ns a fnnotton of salt ooncontrations — and 
tho phaso tost — solubility as a funotion of total 
amount of soluto 

The sailing ovt cximc Tho protein solution (0 5 ml ) uas 
added to 15 ml iwrtions of a Hoiies of dilutioiiH of a 3 m 
jihosphatc buffer at pll 0 5, proimrod nooording to Butler rb 
Montgomery (1032), loft standing in a water bath at 20° over 
night, filtered tliroiigh a no 50 Whatman paper and tho 
nitrogen determined on 2 nil of tlio filtrate The soliihility is 
plotted on a lognnthniio scale against tho molarity of the 
phosphate buffer in Fig 7 It is ovulont that tlie protein has 
liten preoipitalcdintwostagcB between tholimitsl 2-1 ‘land 
1 4-2 1 m, tho salting out oonstniits, K/, being 0 22 iiiid 
0 01 respectively, 



77icp/tfnc test Increasing amounts of tho protein solution 
uero made up to 15 ml with distilled water and phonpbaiv 
hiintr to give a final phosphato coneontratioii of 1 jM at 
pll 0 5. tho Bolulioiis wore then shaken vigoroiislyand left 
skmding ni a uator bath at 20° ov< might, filtered tiiroiigh 
a no 50 Whatman jiaper and tho nitrogen determined on 
- nil of tho fiHrnto Tho toUil N cnlculaicd ironi iJjo voJiiino 
and conceiitmUou of tho proUuii solution used, and tho 
soluble N found are given in Kig 8 This shows tliroe parts 
to tho Bohiiiihty curve, indicating saturation uitli eom- 
pononts at 4 and Ji and iho oxiskmco of at least a third 
component ulioso point of saturation nns not attained 'J'lio 
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solubilities of the first two components were obtamed from 
the intercepts of the extrapolated portions of the ourre on 
the ordinate A' and B' and found to be, m terms of N, 0 06 
and 0 27 mg /ml respectively The proportions determmed 
graphically by the procedure shown m Fig 9 were foimd to 
be 63 and 17 % of the protein respectively 


1949 

IS giv en m Table 9, which shows an average value of 16 16 %, 
equivalent to a factor of 6 60 This value is a httle lower than 
that reported by Smith (1946 a, b) for the unmune globulin of 
bovine colostrum, namely 16 44 and 16 63 %, but is close to 
the value of 16 2 % found for serum globuhn hy Adair d, 
Rohinson (1930) The partial specific volume was found to be 



It is clear from both these tests that the fraction 
contamed several components, although electro- 
phoresis had revealed only one Comparison of the 
saltmg out curve with the findmgs of Butler & 
Montgomery (1932) that the euglobuhn and pseudo- 
globuhn of human and of horse serum precipitated 



between the limits 1 2—1 6 m and 1 6—2 6 m, and the 
findmg of Butler, Blatt & Southgate (1935) that 
horse pseudoglobuhn was salted out with K', = 0 6 m 
the same buffer S 5 rstem, suggests that the protems 
m the present fraction are probably distinct from 
the mam serum globulins 

Xztrogen content and partial specific volume The N content 
and partial specific volume were detenmned on sahne 
solutions of the fraction by drvmg to constant weight at 
1 10°, and by pyknometry at 20° respectively The N content 


0 723, a value close to the a\ erage of 0 76 for serum globuhn, 
which suggests that the present fraction, like the y globulm 
of serum, is not associated with any appreciable quantity of 
lipids 


Table 9 Nitrogen content of protein fraction 0/33 


N (g /lOO ml solution) 

0 473 
0 816 

1 34 
1 34 
1 34 
1 34 

Average 

N factor ( = 100/16 16) 


N (% of ash free protem) 
16 12 

15 30 

16 13 
1511 
16 13 
16 09 
16 16 

6 60 


DISCUSSION 

The extent to winch an immime globuhn fraction can 
be regarded as a distmct entity is difficult to decide 
Biological criteria show that many different anti 
bodies may be chermcally mdistmguishable, and that 
the same antibody may have different chermcal 
properties, dependmg on the species m winch it is 
formed, the manner m which its formation is stunu 
lated and the stage m the response to the antigenic 
stimulus In the present work, tests were made for 
the Brucella agglutuun only, and this was found to 
be confined to fraction 0/33 of the saltmg out 
fractions As other antibodies of the secretion may 
have sumlar solubdities, this fraction is probably not 
biologically pure and may be described tentatively 

as the immune globulm of bovme precolostrum The 

extent to which this fraction -s chermcally homo 
geneous may be judged from the present results m 
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several ways Electroplioresis of the dissolved pro- 
tein showed one component probably accountmg for 
all the fraction Electrophoresis of the adsorbed 
fraction suggested that a mmor component may have 
been preferentially adsorbed The saltmg-out curve 
showed a chief component and one other, and the 
phase test a chief component and two others In 
considermg these results it should be borne m mmd 
that electrophoresis of the adsorbed protem may 
afford a very sensitive quahtative test of the punty 
of the protem, as it would be affected by the presence 
of qmte small amounts of other protems if these were 
more surface active than the mam constituent, and 
that the phase test is one of the most sensitive tests of 
purity available, smce a protem may appear homo- 
geneous m the ultracentrifuge and Tisehus apparatus 
and still fad. this test It is therefore considered that 
while the present fraction is not pure, it does repre- 
sent a promismgly high degree of separation of the 
mam component of precolostrum with which the 
immune properties of the latter appear to be 
associated 

The properties of an immune globulm from bovme 
precolostrum are not without significance m con- 
nexion with the formation of this material and its 
relation to the subsequent secretions from the bovme 
udder This aspect of the present results and of other 
experiments wiU be discussed elsewhere by Blake- 
more & McDougall (unpublished) Here it may be 
pomted out that the resemblance noted between the 
mam electrophoretic component of precolostrum and 
the T component of bovme plasma suggests that the 
precolostrum globuhns are secreted from the blood 
stream, a view which is supported by the antibody 
studies of Blakemore (1947) The globulins of pre- 
colostrum resemble those of colostrum, m that a high 
proportion of them are easdy salted out, that the 
easily salted out globulins b^r the BruceUa agglu- 
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tmms and probably other antibodies of the secretion , 
and that the mam globuhn fraction resembles the 
immune globuhn of colostrum, m the mobihty of its 
mam electrophoretic component, its approximate 
molecular weight, and its saltmg-out limits These 
similarities support the view on the mterrelation of 
precolostrum, colostrum and m il k mentioned m the 
mtroduction, and suggest that an adequate dry 
period IS necessary before calvmg to yield the best 
colostrum 

SUMMARY 

1 Bovme precolostral globuhns contam a high 
proportion of Howe’s (1922) euglobuhn and pseudo- 
globuhn I fractions, i e those most easily salted out 

2 An easdy salted-out immune globuhn fraction 
has been prepared by ammomum sulphate precipi- 
tation at SS% saturation 

3 This fraction contamed one electrophoretic 
componentwithamobdity of 0 2jx /sec /Y /cm at 4°, 
m phosphate buffer at pH 7 0 and lomc strength 0 1 , 
but solubihty tests m phosphate buffers mdicated 
more than one component It had an apparent mole- 
cular weight (tentatively proposed) of 300,000, a 
mtrogen content of 16 16% and a partial specific 
volume of 0 723 

4 The properties of this fraction are discussed m 
relation to the T-component of bovme plasma and 
the i mm une globulm of bovme colostrum 

I am mdebted to Mr P Blakemore, Vetennary Investi- 
gation OfBcer, Institute of Animal Pathology, Cambridge, 
for the supply of material and for the examination of the 
fractions for antibody, to Prof E K. Kideal and Dr P 
Johnson, Colloid Science Department, Cambridge, for 
facihties for and encouragement m much of the physico 
chemical work m the present mvestigations, and to Dr E C 
Bate Smith, Superintendent, Low Temperature Research 
Station, Cambridge, for facdities for some of the electro 
phoresis measurements 
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A Further Study of Hydrolysates of Gramicidin 

By R L M The I/ist^ Institute of Preventive Medinne, London 

{Received 11 November 1948) 


Most of the following experiments had been done 
before the author l^mt that Gregory & Craig (1948) 
had shown that gramioidin, as previously prepared 
and studied, was a mixture of substances This work 
seems, nevertheless, to be worth reportmg, since a 
statement of tec hni cal successes and failures and of 
results obtamed may prove helpful for future studies 
of mdividual gramicidins Furthermore, evidence 
was secured which was very difficult to reconcile 
with the assumption that gramicidm is homo- 
geneous, and wluch may throw some hght on the 
nature of the differences between mdividual grami- 
cidins 

The present work is a contmuation of work 
with acid hydrolysates of gramicidm premously pub- 
lished (Gordon, Martm & Synge, 1943, Synge, 1944, 
1946 a, h) Tlie mam object was to ascertam the 
numbers, sequence and optical configuration of the 
different ammo -acid residues m the molecule 

Amino-acid composition slow liberation 
of valine in acid hydrolysis 

In the first place, acid hydrol 5 ^ates prepared at 
high temperatures were analyzed for ammo acids by 
the procedure of Gordon et al (1943) and with closely 
similar results (see Table 2, p 646) In aU, five 
different preparations of gramicidm were compared, 
and no defimte differences m ammo acid composition 
were observed One of the specimens (13941) 
crystallized readily from aqueous ethanol, givmg 
Ohunky, well-formed crystals Of all specimens 
previously studied, only one had ever yielded such 
crj^tals, and it had proved impossible to reproduce 
the phenomenon CrystaUme and mother -hquor 
fractions obtamed from 13941 by crystallization from 
aqueous ethanol did not differ significantly from the 
parent material m arfimo-acid composition or optical 
rotation A countercurrent extraction of 13941 
carried out by Dr Craig confirmed, however, that the 
material was heterogeneous (though contaimng a 
proportion of gramicidm A rather higher than usual) 
Thus crystallization from aqueous ethanol os no more 
capable of effectmg separation of the different 
gramicidins than the usual crystallization from 
acetone 

On comparmg the ammo-acid data for different 
conditions of hydrolysis, it is seen that consistently 
more valme is obtamed with more vigorous hydrolysis 
(Table 2) Previous valme figures must therefore be 


regarded as too low Prolonging the period of 
hydrolysis to 48 lir led to a marked dimmution in 
the amount of the second of the two ‘anomalous’ 
bands noted m punfymg the leucme fraction (cf 
Gordon etaZ 1943) It is reasonable to suppose that 
the last valme to be hberated is derived from the 
somewhat slowhydro lysis ofvalylvalme (Chnstensen 
1943, 1944) and that the second ‘anomalous’ band 
IS due to acetylvalylvalme Dr Gregory (personal 
commumcation) states that he, too, has isolated 
valylvahne after vigorous acid hydrolysis of grami- 
cidm He also states that phenylalamne is present as 
a component of gramicidm B , it is presumably a small 
amount of acetylphenylalanme from this source that 
IS responsible for the first ‘anomalous’ band The 
findmg of substantial amounts of unhydrolyzed 
peptides after performmg hydrolysis under such 
conditions emphasizes the importance, m ammo 
acid analysis of proteins, of demonstratmg rather 
than assummg completeness of hydrolysis The 
revision upwards of the figure for the valme content 
of gramicidm leads to a satisfactory account* for its 
entire carbon content, and abolished the need for 
postulating hitherto unrecogmzed residues (cf 
Synge, 19466) 

The valme isolated after hydrol 5 mis with hydro 
chloric acid at 1 1 0° for 48 hr was found to be racemic, 
whereas with hydrolysis for 10 days at 37° followed 
by 48 hr at 1 10° there was a marked preponderance 
of n-vahne, as m previous work (Synge, 1944) 

Further study of partial acid hydrolysate 
identification of dipeptides 

The faster runnmg fractions from the starch n 
butanol-water cliromatogram of a 10 day acid 
hydrolysate of gramicidm (Synge, 1944) were sub 
jected to further quahtative study by pubhshed 
methods (Consden, Gordon & Martm, 1944, 1947, 
Sanger, 1945, Porter & Sanger, 1948) It was esta 
bhshed that, m addition to the valylglycme (fractions 
28—31) found previously (Synge, 1944), fractions 
21—19 were a mixture of free valme, leucylglycme 
and alanylvalme (and not, ks had previously been 
suggested on madequate grounds, a tnpeptide of 
leucme, valme and glycme) Fractions 18—14 con- 
tamed firee tryptophan and free leucme, fictions 13— 
11 alanylleucme and fraction 10 material apparently 
chromatographically homogeneous with all solvent 
systems tried, this last fraction could have been 
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alanylvalylleucine, alanylleucylvalme or a mixture 
of these The tliree newly recognized dipeptides were 
further identified by comparison on mixed chromato- 
grams with synthetic n-leucylglycme, L alanyl-D- 
valme and n alanyl-D leucme The synthesis of the 
two latter compounds is described m the Experi- 
mental section 

Table 1 shows the sequence ofthe different peptides 
and ammo-acids on emergmg firom the origmal 
starch chromatogram It should be remembered 
that the substances fractionated were origmally m 
the form of their hydrochlorides, which may run m 
a different sequence from free ammo acids and 
peptides {S 3 rnge, 1944, Moore & Stem, 1948) 


peptides (tripeptides, etc ) of leucme, tryptophan and 
vahne 

It 18 clear that noixtures of peptides of this hmci 
(which represent by far the greater part of the 
hydrolysate) cannot be satisfactorily fr^tionated on 
ordmary sdica, paper or starch partition chromato- 
grams Attempts, foUowmg the suggestion of Boscott 
(1947), to hold the less polar phase stationary with 
cellulose acetate as a supportmg structure (either m 
the form of Celanese satm or of fuUy acetylated 
filter paper (cellulose triacetate)) gave disappomtmg 
results with simple ammo -acids and peptides 
Although it was clear from the relative rates of 
movement of the different substances that the less 


Table 1 Products of partial hydrolysis of gramicidin so far identified 

(The compoundB are hsted in the sequence in which they emerged from the ongmal n hutanol-water starch chromatogram 
(Synge, 1944) Traction numbers and Ef values refer to this ohromatogram ) 

Amount (N of 
compound isolated 


Traction no 

Approx Ef value 

Compound 

as % of total N 
of gramicidm) 

s 

Reference 

37-40 

010 

Alanme 

26 

Synge (1944) 

25-31 

03 

L Valylglycme* 

Approx 7 

ft 

17-22 

06 

Vahne 

0 46 

Present work 

17-22 

05 

L Alanyl u vahne* 

0 46 

(see also Synge, 1944) 

>» fT 

17-22 

05 

D Lencylglycme* 

10 

ft if 

14-18 

06 

Tryptophan 

— 

ff » 

12-10 

0 76 

Leucme 

— 

ft » 

11-13 

09 

L Alanyl n leucme* 

Little 

fi 

9-11 

1 1 

t(AlanylvaljUeucme or alanylleucyl 

Little 

ft it 

4-10 

14 

vahne) 

1 (Dipeptides of higher ammo acids, 

Much 

ft it 

1-4 

20 

perhaps moludmg L-valyl L- vahne* 
and D valyl d vahne*) 

1(Tnpeptide8, etc of higher ammo 

26 

26 

Much 

Chnstensen (1944) 

9i a 

Present work 


acids) 

t See Martin &, Synge (1941) * These peptides have been identified conclusively 


Attempted fractionation of peptides present in 
faster running fractions 

It did not prove easy to identify or isolate mdi- 
vidualpeptides from fractions faster than fraction 10 
Repeated attempts were made at further fractiona- 
tion on paper cliromatograms, but the materials 
either ran very fast m the more polar solvents such 
ns phenol and coUidme or else tailed very badly or 
did not rim at all m the less polar solvents and solvent 
mixtures used (light petroleum, carbon tetra- 
chloride, etc ) Some of the materials also gave very 
poor colours with nmliydrm Tins last behanour is 
typical of higher peptides, but also occurs with 
tri-ptophj Itrj-ptophan (Synge & Tisehus, 1949) An 
impression urns gamed by hj drolj^is of some of tlie 
fractions, and by comparison with sjmthetic model 
substances, that the mnhydrm and Elirhcli peak 
aroimd fraction 6 was primarily due to dipeptides 
such as leuci lleucme, leucj Itryptophan, etc , while 
tlmt aroimd fractions 1 and 2 was due to lugher 


polar phase was bemg held stationary in the 
chromatograms, excessive ‘tailmg’ occurred, which 
may be attributed to adsorption effects on the 
cellulose acetate m the presence of such solvents as 
butanol and colhdme Perhaps better results may be 
obtamed with rubber as a stationary phase as m the 
latex-impregnation techmque of Boldmgh (1948) 
Another promismg approach to this problem is to 
use bulk countercurrent hquid extraction as used by 
Craig and his co-workers Tins may largely elumnate 
undesirable effects due to adsorption, and permits 
workmg with partition coefficients more favourable 
to the less polar phase The use of charcoal-adsorp- 
tion methods may also facihtate separation of the 
peptides accordmg to their tryptophan content, for 
which partition methods with the usual solvents are 
not very smtable (see Synge & Tisehus, 1949) 
lonophoresis (Consden, Gordon & Martm, 1946) of 
tlie peptides, them acjd or A^-2 4.dmitrophenyl 
derivatives m gels shows promise as a method for 
Achievmg fractionation accordmg to lomc mobility, 
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which IS an inverse function of molecular sizn Thus 
leucine could be separated from leucylleucme or 
leucyltryptophan by lonophoresis of the dimtro- 
phenyl derivatives m sdica gel containing 0 2m- 
sodium acetate buffer at pH 6 The dmitrophenyl- 
peptides moved towards the anode at about half the 
rate of the dmitrophenylleucme The true difference 
m lomc mobdity is not of course so great smce 
the substances were migratmg against the electro- 
endosmotic stream, and adsorption effects may also 
have contributed 

Optxcal form of amxno acids from different peptide 
fractions an uUramicromethodfor its determination 

In view of the mterest attachmg to the optical form 
of the ammo acids isolated after acid hydrolysis of 
gramicidm and other bacterial substances, it seemed 
important to ascertam the configuration after 
hydroljTzmg further the mdividual partial hydrolysis 
products 

A semi-quantitative micromethod was developed 
based on the specificity of the D-anuno acid oxidase 
of kidney Spots of an mdividual ammo -acid, after 
separation on a paper chromatogram from other 
components of the mixture, were sprayed with a 
solution of the purified enzyme, and the extent of the 
attack on the ammo -acid was gauged by comparmg 
the spot with a number of control spots of optical 
antipodes of the same ammo-acid mixed m varymg 
proportions The method requires as httle as 30 /ig 
of the ammo acid under exammation Jones (1948) 
has mentioned its use m a study of the hydrolysis 
products of ‘ aerosporm ’ (polymyxm) In the present 
work it has given satisfactory results with leucme 
and valme It is not smtable for detectmg small pro- 
portions of D -isomer mixed with excess of L-isomer, for 
which purpose L-ammo-acid oxidases may m future 
prove useful Obmously, the spraymg of paper 
chromatograms with enzyme solutions is capable of 
innumerable other apphcations 

The experiments on the complete acid hydrolysates 
of the leucylglycme, alanylvahne and alanylleucme 
isolated as described above mdicated, as expected, 
that the leucme from the leucylglycme and alanyl- 
leucme was largely the n-form Tlie valme from the 
alanylvahne proved to be predo minan tly the n- 
isomer All these products were, however, to a con- 
siderable extent racemic (see Table 4) It was con- 
firmed by the new method that the vahne from the 
valylglycme (Synge, 1944) was predommantly the 
L-form Alanine appeared to be predommantly the 
li-isomer 

Thus different partial hydrolysis products have 
been isolated yieldmg respectively an excess of 
L vahne (n-valylglycme by Synge, 1944, and n- 
valyl-L-vahne by Christensen, 1944) and of n -vahne 
(L-alanyl-D -valme m the present work and n-valyl- 
n -valme by Christensen, 1944) If one starts from 
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conventional premises it may be argued that valme 
residues of each of the two antipodal forms exist 
preformed m one or more of the molecular species 
constitutmg ‘ gramicidm ’ However, a more cautious 
mterpretation seems advisable m view of the fact 
that most of the products, whose optical character 
has been determmed so far, are partly racemic As 
previously implied m a footnote (Synge, 1944) and 
moreexphcitlystatedbyNeuberger (1948) there isno 
reason why a process similar to that which mduces 
simple racemization m a fine ammo -acid m the 
presence of mmeral acid should not, when the same 
residue still exists m peptide linkage with other 
optically active ammo acid residues, cause epi 
menzation or mversion of the residue m question It 
is not justifiable, therefore, m the present state of 
our knowledge to deduce rigorously from the optical 
configuration of free ammo acids found m hydroly- 
sates the configuration of the correspondmg residues 
m the mtact molecule Extensive model experiments 
with optically active peptides are required 


Conclusion 


YTien it appeared reasonable to suppose that 
gramicidm was a smgle homogeneous substance, it 
was argued that, smce the molecule could not 
contam more than two glycme residues, and smce 
more than half the total glycme had actually been 
isolated as valylglycme, aU the glycme residues must 
occur link ed to vahne through them ammo groups 
(Synge, 1944) This view became untenable when 
leucylglycme was found to occur m the same partial 
hydrolysate with valylglycme Gregory & Craig’s 
(1948) demonstration of the heterogeneity of grami- 
cidm resolves tins difficulty It would be the part of 
wisdom to expect similar anomahes m studies of 
partial hydrolysis of ‘pure’ pro terns as evidence 
accumulates that calls for scepticism as to them 


homogeneity 

At the present tune it is impossible to put forward 
any extensive hypothesis as to the structure of 
mdividual species of granncidm on the basis of 
partial hydrolysis studies made with the mixture All 
that can be done is to hst the peptides so far identified 
m partial hydrolysates of mixed material, with them 
probable optical configurations This is done m 
Table 1, where those peptides that have been 
conclusively identified are marked with an asterisk 
Future studies of partial hydrolysates of mdividual 
gramicidins will be required for further progress 
towards determmmg sequences of ammo-acid 
residues 


EXPERIMENTAL 


Meltmg pomts are uncorrected Optical rotations 
were determmed m a 0 5 dm tube Carbon and 
hydrogen determmations were by Hrs Weder and 
Strauss, Oxford 
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Materials 


Granucidin specimens W. nnd Ej (Synge, 10'44, 1945(J, b, 
Synge & Tiselius, 1947) were studied together witli n bntch 
of acetone Tccrj stnllized gramicidin (no 13941) kindh 
supphed by the Wnllerstcm Compnnj, New York, dnnng 
1946 As already mentioned, tins matcnal difTcrcd from 
previoush studied preparations in erv stalhzing fairlj rcadity 
from aqueous ethanol on allowing slow ci aporation of the 
solution Specimens of the resulting crjstals (13941 X) 
and mother hquor (13941 JCL) were separated after about 
half of the matcnal had cr}’stalhzed Optical rotations 
(c, 1 6 m 94 5% (w/v) aqueous ethanol) ucrc ns follows 
W*, +3°, E,, [a]^ +5“, 13941, [a]“ +G“, 13941 X. 

+4°, 13941 JIL, [a]^^ +2° (calculated for matcnals 
dried to constant wt in a vacuum desiccator over HtSO^ nnd 


soda lime at room temperature) 

The fractions obtained (S'smgc, 1944) bj starch partition 
chromatograpbj (n butanol water) from a h\ drolysnte of 
grarmcidm Ej were further studied Hj drolysis had been 
m equal lolumes of IOn HCl nnd glacial acetic acid for 
10 days at 37° Fractions are numbered ns in the onginnl 
paper 


Optical rotation of vahne specimens 


Acetylvahne, isolated bi partition chromatography as 
above from hydrolysates of gramicidm (13941), was hjdro 
lyzed with 6> HCl for 24 hr at 110° The product was 
evaporated to dryness and weighed From the n eight of 
vahne HCl found, the weight of vahne present was calculated 
The optical rotation of the product was detemuned Eesults 
are shown in Table 3 
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Tftblo 3 Optical rotation of lalinc itolated from 
qraniicidin after hydrohfsis 


(H>droljBis in acetic acid +3 6 \ol of On HCl fa]n 
measured in On HCl ) 


Humtion nnd temp 
craturc of ludroljsis 

24 hr at 110° 

48 hr at 110° 

10 dn^s at 37° followed 
. b\ 48 hr at 110° 



Toni]) 


Wa (”) 

n 

c 

-1 

19 

07 

a-n 

19 

1 7 

-fl 

17 

1 2 


Study of fraction-! obtained from n butanol uater 

starch partition chromatogram of partial hydrolysate 

(Synge, 1944) 

In general, small portions of these fractions w ere subjected 
to further Btud^ on paper chromatograms Ammo acids and 
peptides were made ^^slblo bj sprajing with ninlodnn, 
tryptophan compounds b% Ehrlich’s reagent (cf Singe A. 
Tisehus, 1949) In addition, obsenation of the chromato 
grams in ultra \nolet light show cd the presence of a \ arictv of 
intensch fluorescent substances that did not colour cither 
with ninlij dnn or Ehrlich’s reagent Tlicj ‘tailed’ considcr- 
abl\ nnd amino acids nnd peptides cither displaced them or 
quenched their fluorescence These fluorescent spots thus 
seiN cd ns markers for cutting the chromatograms Thej were 
thought to ho breakdown products of triptophan After 
hydrolj sis of peptide matcnal, constituent amino acids were 
detected routinch on n butanol HjO one dimensional 
chromatograms with Munklell OB paper All five ammo 
acids could readily bo identified in this wa\, tryptophan 
falling convenientlj between leucine nnd ^nllnc 


Table 2 Amino acid analyses of gramicidin hydrolysates, with larying hydrolysis conditions 
(Ammo acid figures arc N as % of total ^ of gramiadin (Kjeldahl rncdncli) ) 

Gordon (C a! 


Hydrolysis 

mixture 

Temperature 

Synge (1944) 

0 8 ml acetic 
aad 3 0 ml 
5N-Ha 

100° 

(1943) 

0 8 ml acetic 
acid, 3-0 ml 
On -H a 

110° 


Prascnl work 

0 8 ml acetic acid, 3 0 ml 

110° 

K 

On na 




Duration (hr ) 

48 

K 

24 

24 

* 


48 



s 

Specimen 


w. 

Various 

R, R, \V, Vv, 

R, R, W, W. 13911 1301113911 \ 13911 V 

13941 ML 13911 J 

Leueme N 

23 5* 

25 2* 

20-0-21 6 

20 0 210 200 20 3 

19 8 20 4 20 8 20 0 19 0 19 7 

203 

203 

204 

200 

Vahne N 

13 9 

15 7 

15 6-17-0 

15 9 10 4 10 9 16 8 

18 3 181 18 7 18 0 17 9 18 3 

18 4 

18 5 

18 9 

17 3 

Tryptophan N 

384 

411 

33 5-448 

37 5 38 0 40-0 40 5 

32 8 35 1 40 5 39 7 35 4 30 3 

30 0 

357 

310 

33 0 

Alanme N 

101 

117 

9 8-115 

10 4 9 9 104 10 3 

10-0 101 10 4 10 4 9 9 9 8 

97 

10 0 

10 0 

10 2 

Glycme N 

74 

78 

5-0- 8 0 

55 55 56 51 55 62 53 45 62 52 

* Before chromatography with chloroform 

63 

5 4 

00 

05 


Amino-acid analysis of gramicidin specimens 

Specimens were hydrolyzed m hot HCl acetic acid, acety 
lated and analyzed for component ammo acids by partition 
chromatography on sihca gel exactly as described by Gordon 
cf of (1943) The results are shown m Table 2 corrected (as 
previously) by the recovery factors for a known mixture of 
acetamido acids, subjected to exactly the same procedures 
and reagents As before, the same anomalous bands were 
noted in the CHCl, chromatography of the leucine fraction 
In the 48 hr hydrolysates, the anomalous band r unnin g 
behmd the lencme band had become very much fainter 
Bioohem 1949, 44 


Fractions 21—19 These frnetions had already been pooled 
(Synge, 1944) nnd were known to yield -vahne, leucine and 
glycine, with smaller amounts of alanine on complete acid 
hydrolysis The material m the pooled fractions seemed best 
further fractionated with collidine Paper chromatography 
with this solvent ro\ ealed free i nlmo and, ahead of it, two 
spots very close to one another These wore so close that it 
was not easy to out them apart Accordmgly, the two com- 
pounds were isolated together by running several one 
dunensional chromatograms in parallel, and eluting them 
with water after enttmg away from free vahne, etc The 
extract was subjected to hydrolysis, -with nnd without 


36 
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previous deamination by mtrous fumes aocordmg to Consden 
ft al (1947) The hydrolysate showed leucme and glycilie as 
mam and alamne and valme as subsidiary components 
Deamination abohshed the leucme and alamne This sug 
gested that the major component of the mixture was leucyl 
glycme and the minor component alanylvalme The identi- 
fication of the residues bearmg the free ammo groups was 
confirmed by treatment of the matenal with 12 4 fluoro 
dimtrobenzene aocordmg to Sanger’s (1946) techmques 
After acid hydrolysis N 2 4: dmitrophenyUeucme and N 2 4- 
dimtrophenylalaiune were identified quabtatively by mixed" 
chromatography on narrow sihca gel columns FmaUy, the 
identity of the peptides was confirmed by runnmg mixed 
paper chromatograms with synthetic d leuoylglycme 
(Hofinann-La Roche) and L alanyl-D vahne (see below) with 
n butanol and fi colhdme as solvents At the same tune it was 
established that m colhdme leucylglycine is the faster moving 
of the two peptides From the ammo acid analysis of the 
material m fractions 19-21 (Synge, 1944) it is reasonable to 
deduce that the free vahne embodies 0 46 % of the N of the 
ongmal gramicidm, the leuoylglycme 1 0 % and the alanyl- 
vahne 0 46% 

Fractions 18-14:. Paper chromatography with n butanol, 
ooUidme, etc of test portions of these fractions before and 
after acid hydrolysis showed the presence of free leucme 
and froe tiyptophan, the leucme predonunatmg in the 
earher fractions (14-16) and the tryptophan m the later 
frraotions (17-18) There was also some overlap of alanyl 
leucme (see p 647) mto the earher fractions and of 
leuoylglycme into the later fliaotions No other components 
were recognized- 

Fractions 13-11 Paper chromatography with n butanol 
(after neutralization with NHj vapour) showed a common 
constituent m aU these fractions In fiiaction 13 it was con- 
tammated with free leucme (which ran somewhat faster than 
the unknown compound) and m fraction 1 1 it was contami 
nated with the faster runnmg peptide matenal also present 
m fraction 10 Prom Fraction 12, however, only a smgle spot 
resulted with a vanely of solvents Fraction 12 was accor 
dmgly studied without further fiaotionation On acid 
hydrolysis, the matenal yielded alamne and leucme only 
With previous deammation, the alamne spot was weakened, 
though not abolished However, the fluorodmitrobenzene 
procedure yielded only dmitrophenylalamne and no dmitro 
phenylleucme Accordmgly the matenal was compared by 
nuxed paper chromatograms usmg both n butanol and 
8 colhdme with s3Tithetic L-alanyl n leucme (see p 647) with 
which it appeared to be identical 

Fraction 10 The matenal m this fraction gave only a smgle 
spot with nmhydrm on paper chromatography with a very 
wide vanety of solvent mixtures On acid hydrolysis, it 
showed alamne, vahne and leucme as spots of roughly equal 
mtensity Previous deammation relatively weakened, but 
by no means abolished the alamne spot The fluorodimtro 
benzene procedure yielded only dmitrophenylalamne Smce 
the matenal could not be alanyllenome or alanylvalme, both 
of which, as hydrochlondes, had run more slowly on the 
ongmal starch chromatogram and, as free peptides, on paper 
with n butanol, it is suggested that it may be alanylvalyl 
leucme or alanylleucylvahne or a mixture of both these 
peptides 

Synthesis of l alanyl-T> vahne 

Carbobenzvloxy r, alamne was prepared (Bergmann & 
Zervas, 19^2) from l alamne (made by resolution of nr, 
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alanme accordmg to Pope & Gibson (1912, cf Fischer, 1899) 
Carbobenzyloxy l alanme (0 646 g ) was allowed to react m 

6 ml dry ether with 0 6 g PCI5 at first at 0° and then at room 
temperature until aU the PCI5 had dissolved The resulting 
solution was washed qmckly with ice water twice, and the 
ethereal solution of the acid chlonde was then allowed to 
react for 2 hr at room temperature with 0 66 g D vahne 
methyl ester m the presence of saturated aqueous KHCO, 
The ester (not charactenzed) had been prepared from n vahne 
exactly os described by Synge (1948) for n- vahne methyl 
ester The ether layer was then washed successively with 
ddute HCl and KHCO3 and water, dnedhghtly over NajSO^, 
and on evaporation to dryness yielded a residue crystallizing 
readily from ether hght petroleum Meltmg pomt and 
rotation wore constant after one recrystalhzation (yield of 
recrystaUized product, 0 3 g ) 

Carbobenzyloxy r^alanyl n vahne methyl ester had m p 
89-90°, +1° (c, 1 4, ethanol) (Found C, 60 7, H, 

7 2, N (Kjeldahl) 8 5 C^HjjOjN, reqmres C, 60 7, H, 7 1, 

N, 8 3%) 

This compotmd was saponified by dissolvmg 0 27 g in 
3 mL dioxan and addmg 2 ml 1 2 n NaOH The mixture was 
gently shaken until homogeneous, and kept for a further 
0 6 hr at room temperature The mixture was then largely 
diluted with water, acidified with 0 6 ml IOn HCl (no preci 
pitation occurred) and extracted with ether The residue 
frxim evaporation of the ether extract (carbobenzyloxy l- 
alanyl n vahne) could not be brought to crystallization, and 
was accordmgly reduced with Pd H, m the usual way, after 
dissohnng m a mixture of 10 ml methanol, 1 ml glacial 
acetic acid and 2 ml water After removal ofPd and repeated 
evaporation with water there was obtamed a colourless, 
glassy residue (0 20 g ) of l alanyl n vahne The product 
would not crystallize frem water-ethanol ether, nor on 
keepmg in a desiccator, but crystallized slowly m rosettes 
(evidently with water of crystallization) on keepmg m the 
laboratory air Paper chromatography mdicated that the 
matenal was contammated with a trace of free alamne, but 
was otherwise homogeneous Fp values, comparable with 
the data of Consden et al (1947), were, for n butanol water 
(with HCN) 0 21, and for s colhdme water, 0 63 [a]^° +36° 
(c, 2 8, water) (calculated, from N content of solution, for 
the anhydrous peptide ) Air dry crystals were analyzed 
(Found C, 47 1, H, 8 8, N (Kjeldahl), 13 6, ammo N (Van 
Slyke, 4 mm ) 52 % of total N CgHieOjNj HjO requires 

O, 46 6, H, 8 7, N, 13 6 %, ammo N 50 % of total N ) 

Synthesis of x. alanyl-n leucine 

Carbobenzyloxy malanyl chlonde prepared from 0 7 g 
carbobenzyloxy L alanme was allowed to react m 6 ml of 
washed ether solution m the presence of saturated aqueous 
KIHCO3 with D leucme methyl ester that had been bberated 
with KjCOj m the usual way from 0 8 g of its hydrochlonde 
(Smith & Brown, 1941) After 1 6 hr at room temperature 
the ether layer was separated, washed successively with ddute 
Ha and KHCO, solutions and with water, dned hghtly over 
NajSOi and on evaporation yielded 0 87 g of svrup which 
could be crystallized from ether hght petroleum The 
resulting carbobenzyloxy l alanyl v leucine methyl ester 
two crystallizations (yield 0 71 g ) had m p 71-73 , 
+10° (c, 16, ethanol) (Found C, 616, H, 7 6, 
N (Kjeldahl) 7 9 CjaH.jOgNj reqmres C, 61 8, H, 7 4, 
N, 8 0 % ) 
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Tlus compound vrns Bupomficd by dissoUing 0 37 g m 

3 ml dioxan and adding 3 ml i<-NnOH Tho mixture was 
kept for 0 5 lir at room temperature after it had become 
homogeneous 30 ml water uns then added, follow cd by 

4 ml ^ HCl An oil precipitated which onstallizcd on 

keeping at 0° Reerj stallization to constant m p and 
rotation was effected from methanol water Tho product 
(0 22 g ), characterized after drj mg m a ^ ncuum desiccator 
at room temperature, appeared to bo a lijdmtc of carho 
bcnzyloxy h-<ilanyl T> leucine mp 57-50°, ±0° (c, 

19, methanol) (Found C, 68 1, H,7 4,N (Iv]oldahl),7 G%, 
acid eqiur wd , 348 Ci,Hj,OjNj H.O requires C, 67 7, 
H, 7 4, N, 7 9 %, acid eqlll^ w t 354 ) 

This matenal (0 17 g ) vrns reduced wuth Pd Hj ns nboio 
The crj'stallization behamour of the resulting glassy h-alanyl 
D /e «ei lie was similar to that of L alanyl n ^ aline, tlic peptide 
crystaUizing over aqueous acetic acid, but not in tho Inborn 
tory air nor in the desiccator The material appeared homo 
geneous by partition chromatograph^ on paper \nluc3 
comparable with those gi\cn by Consden ct al (1947) were, 
for ii-butanol water (with HCN), 0 33 and for « collidine 
water 0 00, [a]^^*+60° (c, 19, water) (calculated for tho 
anhydrous peptide from N content of solution) Air di^ 
crystals were analj'zed Tho data suggest tho presence of 
both acetic acid and water of erj stallization (Found 
C, 43 7, H, 8 1, N (Kjeldnbl), 9 6%, ammo N (Van Sljkc, 
4 mm ), 49 % of total N CjH,,OjNj CjHjOj 2H;0 requires 
C, 44 3, H, 8 7, N, 9 4 %, ammo N, 60 % of total N ) 

UUraimcrodeicrnnnation of the optical configuration 
of valine and leucine results with peptides from 
gramicidin 

In prelumnary tnals it was found essential to punfy tho 
D ammo acid oxidase considerably before use, in order to 
ehmmate impurities giving colours ivith nmhydnn It was 
also found necessary to allow the enzyme reaction to proceed 
on paper that is thoroughly wet The time of reaction should 
therefore be Imuted, smee the ammo acids m tho spots difluso 
freely under these conditions 

The foUowmg procedure was foimd satisfactory Tlio 
kidneys of freshly slaughtered sheep were worked up for 
D ammo acid oxidase accordmg to Negelem(5oBramel( 1939) 
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lot cl directly proportional to tho amount of solution sub 

jcctcdtotcst Tins indicates a Jield of cnzvmccloselj similar 

to that descniicd b^ Ncgclcin A llrbmcl 

For carr> mg out the assaj , tho pcjitidcs to lie tested were 
hj drolj'zcd in excess of Ox HCI in scaled ct acuated tulios for 
48 hr at 110° The hjdroijsate was ctn])orntcd to drtness 
ill tacito, and tho residue was dissolted in siicli a tolumt of 
w atcr ns w ould giv e a 0 2-0 t % (w /t ) solution of the ammo 
acid to bo assayed Spots of this solution (each 6 /d ) were 
jilaccd on at least tw o different sheets of filter pnjier Beside 
tho spot on the first sheet w ere placed 5 /d spots of solutions 
of dilferent strengths of the ammo acid undergoing n«snt 
Tiio spots were det eloped (after neutralization with 
xapoiir) as parallel one dimensional chromatograms with 
w-butnnol water On subsequent colouring with ninhjdnii, 
the concentration of the test solution in rcsjicct of the ammo 
acid being studied could lie assessed Solutions of the snino 
ammo acid were then made up, hnxing the snmo total 
ammo acid concentration, but different proportions of the 
11 and L isomers Solutions used w ere pure u , 25 % 1 , 
ne ,75% L ,nnd puroi fi/d spots of eaeti of these solutions 
were then placed beside tho spot of test solution on tho 
second sheet, and the chromatograms were doecloiied with 
11 butanol water after neutralization with NHj ns abo\c 
Care was taken to deiclop far tnoiigh to get wide scjiaration 
of the leucine and x aline spots After dex clopment, tho sheet 
of paper x\as dried m the air, and spraxed ns ex only ns 
possible XX ith the enz j mo solution (pH 8 3) It xx ns important 
to xvet tho whole of the sheet dunng the spraj ing, othcrxxuso 
the cnzxme solution moxed from one part of tho paper to 
another, earn ing tho ammo acid spots xxith it Tho xx ct shoot 
xxns hung up at 37° m an ntinosphorc of 0. rendered moist bj 
bubbling tliroiigh the xi/15 px rophosphnto buffer After 
2 6 lir the slieet was dnod at 37°, and sprajed xxntli 0 I % 
(w/x) ninh 3 dnii in a mivtiirc of 4 xol it butanol and I xol 
acetic acid Tlic sheet was then hung in the liot room (37°) 
for the colour to dexelop (1-2 hr ) Spots of pure D-Icucino 
and V X aline were complctclj abohsliod bj tins treatment, 
whereas the L-isomcrs surxixed It xxns possible to form 
rough estimates of the proportion of tho isomers bj com 
panng tho test spot with the control spots It xx ns felt that 
estimates whore l isomers predominated xxorc less accurate 
than those xvlicro d isomers predominated Results xnth tho 
hj drolj'sntcs arc shoxxri m Table 4 


Table 4 Proportions of d- and L isomers of leucine and valine in hydrolysates of jicptidcs from gramicidin 


Fraction no 

26-30 (Synge, 1944) 
19-21 (peptides only) 
12 
10 


Peptido present 

Valylglycmo 

Alanylvalmo, leucjdglycme 
Alanylleuome 

( J^anylvalylleucme, ?Alanylleucylvalmo) 


Lcuomo Vnlmo 


'o D 


% D 

%r. 

— 

— 

10 

90 

65 

35 

80 

20 

90 

10 

_ 


90 

10 

00 

40 


The preparation was taken to ‘Sohntt 6’ The mateni 
precipitated at this step was not, however, dned, but xvt 
dialyzed free of (NHjljSO^against several changes of Negelei 
A Brdmel’s pyrophosphate buffer (m/ 16, pH 8 3) The prodm 
from five kidneys, on dilutmg the bag contents xnth the aan 
buffer solution to 60 ml and addmg a saturatmg amount < 
coenzyme (flavin ademne dmuoleotide) wasusedforspraym 
paper chromatograms 0 1 mk of this solution gave, i 
JNeplem & Bromel’s manometno teat with UL alanme. a 
uptake of 34 /J 0, m 10 mm , the rate of uptake being at th 


SUMDIARY 

1 Quantitative amino acid analj^ia of liydroly- 
sates of gramicWin 1ms shoxvn that valine is liberated 
excessively slowly m acid liydrolysis Previous 
valme figures are too low, with higher xmhno figures 
the data obtained with tlie fission products account 
satisfactorily for the elementary composition of 
gramicidm 
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2 Ftirther examination of the partial hydrolysate 
of gramicidin studied by Synge (1944) has led to 
isolation and recogmtion of the dipeptides D- 
leucylglycme, l alanyl-n-valme and L alanyl D- 
leucme The synthesis of the two last compoimds 
IS described 

3 Techmcal problems of fractionatmg the more 
comphcated peptides m the partial hydrolysate are 
discussed, and some possible new approaches to the 
problem are suggested 

4 An ultramicromethod for assessmg the optical 
configuration of mdividual ammo acids has been 
developed and apphed to leucme and valme The 
ammo -acids are separated on paper chromatograms, 
which are then sprayed with a solution of d ammo- 
acid oxidase from kidney 
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5 The partial hydrolysis products of gramicidin 
so far recogmzed, and the optical form of the ammo 
acids isolated from them and from gramicidm, are 
discussed with reference to Gregory & Craig’s (1948) 
demonstration of the heterogeneity of gramicidm and 
to the problem of racermzation, epunerization and 
mversion m the hydrolysis of peptides 


I am grateful to Mrs V M Berger for technical asmstance 
and to Dr D Herbert for advice and help mth the 
enzyme work I also wish to thank Dr Lyman C Craig for 
fractionatmg a specimen of granucidm m his apparatus, 
Dr A R Urquhsrt, of Messrs Lansd Ltd , Lancaster, 
for acetylatmg filter paper for me, and Messrs Bnhsh 
Celaneae Ltd , Spondon, Derby, for a gift of ceUulose 
acetate specimens 
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A Study of the Acidic Peptides Formed on the 
Partial Acid Hydrolysis of Wool 
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It has been accepted for many years that protems 
consist of chains of a mm o acids m peptide hnkage, 
and that the jiartial hydrolysis products of protems 
consist of a comphcated mixture of ammo acids and 
peptides of various lengths However, very few 
studies of the actual peptides present m the partial 
hydrolysis product of any given protem have, m 
fact, been made (see Synge, 1943) Tins has been due 
to the laek of methods for the separation and analysis 
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of comphcated mixtures of peptides Recently 
Consden, Gordon & Martm (1947) have developed 
such methods, and Consden, Gordon, Martm & Synge 
(1947) have apphed these methods to the mixture 
formed by the partial acid hydrolj'sis of gramicidm S , 
many of the products m that mixture were identified 
The study reported here is of "the vastly more 
comphcated mixture produced by the acid hydrolysis 
of wool The problem is confused m the case of wool 
by uncertamty as to the number of molecular species 
which are, m fact, present m the wool Thus, wool 
has been broken up mto fractions contammg widely 
varymg proportions of various ammo acids (for 
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bibliograph 3 " and discussion see Geiger, 1<)44, 
Lmdlej% 1947, Mercer & Rees, 1946), though 
Farrant, Bees & Mercer (1947) have obtained elec 
tronmicrogrnphs for wool degraded bj' mechanical 
or enzyme action winch suggests that both the proto 
fibrils and matrix material n Inch together make up 
the cortical cells consist of similar approximately' 
sphencal particles There is thus no cortamty ns to 
how many protems exist m wool and it is clearly 
desirable that such products should bo nnalj'zed ns 
soon as they' can be separated Since adequate 
methods of separation, or even of identification, are 
lackmg at present, it has seemed best at this stage 
to examme whole wool to provide nt least some 
experimental data which could be compared mth 
those expected on the rather speculative hy'potheses 
of the structure of wool w Inch ha^ e already been put 
forward (Astbury', 1943) 

The first objective of tins miestigation was to 
demonstrate m a preliminary' way' the presence of as 
many peptides as possible m partial hy'droly'sates of 
wool rather than to confine attention to the rigorous 
identification of a few products The number of 
peptides mvolved is, m fact, so large that identifi- 
cation by classical means would be excessively' 
laborious, even if it were possible 

The methods adopted have been prehrmnary 
separation by lon-eschange resms, followed by lono- 
phoresis, which separates the peptides into groups 
havmg similar mobihties m an electrical field These 
groupswereexammedby two dimensiontil chromato- 
graphy, and numerous firactions were ob tamed These 
fi-actions were hydrolyzed and the ammo acids 
present identified Further, those ammo groups 
which are not mvolved m peptide Imkage were 
destroyed by deaimnation and an exammation v os 
then made of the ammo -acids remammg after 
hydrolysis In many cases, the results obtamed 
mdicate that the fi’actions consist either of smgle 
peptides or of mixtures of a few simple peptides 
These conclusions have been confirmed m some coses 
by comparison with synthetic peptides, which 
showed chromatograpluc and ionophoretic pro- 
perties identical with those of the isolated material 
In other cases where synthetic material was not 
available confirmation of assigned structures was 
obtamed by comparison with nearly related peptides, 
winch were found to have the expected differences 
m properties 

The only pretreatment which the wool had 
received was the removal of the tips which are known 
to contam cysteic acid (Consden, Gordon & Martm, 
19466) and other decomposition products of cystme 
resultmg from the action of hght, air and weather 
(Race, Rowe, Speakman & Vickerstaff, 1938) 

As previous work on partial hydrolysates of wool 
had given some mdication of then extreme com- 
plexity (Gordon, Martm & Synge, 1941) the present 


investigation was limited to acidic peptides con- 
taining dicarboxyho ammo acids a preliminary 
account of part of this work has already been gi\on 
(]\rnitm, 1946) Tlio acidic rather tlian tlio neutral or 
basic fractions uero investigated because acidic 
peptides can bo more completely separated by lono 
phoresis they shou little or no tendency to bo 
adsorbed by' sihcn jelly' and, since at neutrality Ihoy 
move against the direction of oloctrocndosmotic 
flow , their not travel and therefore their separation 
in a jolly of given length is greater than that of cither 
the neutral or basic peptides Also, those peptides 
are easier to m\ostigato by' paper chromatography 
than those containing bases, w Inch aro liable to form 
elongated spots due to adsorption on the paper, or 
than the noutral peptides, some of the values of 
which are knowm to bo too high for convenient 
separation m the solvent sy'stoms at present 
commonly' used 

The intensity' of the nmhydrm spots of the ammo- 
ncids produced after hy'drolysis of tlio peptides 
isolated from the paper chromatograms pro\ ides a 
rough means of estimating the amounts of the 
peptides For this purpose the intensities wero 
compared wath those given by knowm amounts of 
amino-acids As the ionophoretic band of glutamy'l- 
glutamic acid contamed no other peptide or ammo- 
acid, it was possible to estimate this material 
directly', attempts to isolate the peptide from the 
hydrolysate, by cliromatography' on Amborhte 
III-4 resm, wore unsuccessful since it travelled with 
the aspartic acid The other peptides moved, as 
expected, ahead of the glutarmo acid smee carboxy'I 
groups m peptides are weaker than those m the 
corresponding ammo acids (Edsall, 1943) In the 
case of glutamylglutamic acid this w eakemng is more 
than counterbalanced by' the extra carboxyl group 

EXPERniENTAL 

Preparation of wool The wool used was New Zealand 
Comedolo SO’s quahty After removing the tips of the fibres 
It was extracted with light petroleum (bp 40-60°) and 
rmsed m water 

Techniques and prdiminary experiments Samples of wool 
hydrolyzed for 1, 3, 7 and 30 days were subjected to two 
dimensional chromatography The 3 day hydrolysate was 
found to give the largest number of spots m the appropnate 
part of the chromatogram of an mtensity smtable for 
analysis, and was chosen for further investigation Two 
similar 3 day partial hydrolysates of wool were mvestigatcd, 
but only the second expemnont is described hero m detail 
In the first experiment, ionophoretic fractions w ore investi 
gated mainly by one dimensional chromatography and tins 
served to identify a number of peptides When the w ork ivns 
repeated usmg mainly two dimensional chromatography', 
many more peptides were identified owmg to the much 
improved separation 

In the second experiment the Bucccssive stages in the 
analysis are shown m Fig 1 A prebminary separation of the 
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acidic peptide fraction was earned out by chromatography on 
Amberhte IR-4 (Consden, Gordon & Martm, 1948) Most of 
the HOI was removed m the desaltmg apparatus (Consden, 
Gordon, Martm & Synge, 1947) as m "this way a much higher 
ratio of hydrolysate to resin couJdbeused After elution with 
acid firom the Amberhte column, the solution was again freed 
from all but traces of Hd m the desaltmg apparatus The 
matenal was then subjected to lonophoresis (Consden, 
Gordon & Martm, 1946a) As all the basic and neutral 

Wool 

I 

Hydrolysis 
Desalting 
Amberlite IR-4 

I I 

Acidic peptides Neutral 

and basic 

Desa ting peptides 


with a wooden mallet The trough, which was 100 x 16 x 0 48 
cm , was fiUed with the sihcate solution with the hd already 
m position For preparmg buffered sihcate at pH c 7, sodium 
sihcate (93 ml contammg approximately 0 33 g SiOj/ml ) 
was mixed with water (610 mL) and n acetic acid added 
(201 ml ) This solution set m 6 mm The jelly produced is 
fairly stiff and, after removal of the hd, gives a smooth 
surface from which satisfactoiy pnnts can be taken Pre 
hmmaiy trials to obtam this settmg tune are necessary 
owmg to vanations in the sihcate solutions It was found 
that the settmg time is considerably shortened by the 
presence of a large quantity of hydrolysate, hence the 
sihcate concentration m the gutter was about 20 % less than 
m the mam jelly 



lonophoresis 


Fig 2 Cross section of lonophoresis trough showing 
position of hd 


Fractions A-J 

I 

Acetate removal 

1 

Desalting 

1 

Separation by two dimensional 
chromatography 

I 1 

Hydrolysis Deamination and 

I hydrolysis 

1 1 

Identification Identification 

by by 

chromatography chromatography 

Fig 1 Successive stages of analysis 
of peptide mixtures 

peptides and ammo acids had been removed by the Amber 
hte treatment it was possible to carry out a successful lono 
phoretic separation of much more matenal than m the first 
experiment, where no prelimmaiy fiuctionation had been 
employed FmaUy, the ionophoretic fractions were worked 
up and exammed by partition chromatography on paper, 
the solvents used bemg chosen after vanous prehmmary 
tnals m one dimension In the following pages, ‘phenol’ 
denotes phenol saturated with water, used m an atmosphere 
' of coal gas and NHj, the latter produced from a 0 3 % 
aqueous solution on the floor of the chamber ‘Colhdme’ 
denotes s oolhdme, saturated with water and used m an 
atmosphere contammg a trace of diethylamme produced 
from a 0 1 % aqueous solution For lonophoresis, a modifi 
cation of method B of Consden ei al (1946a) was employed 
Instead of usmg microscope shdes to support the glass hd, 
the latter was made wide enough to rest on the sides of the 
trough as shown m Fig 2 In this way the jelly surface enn 
be exposed at the end of the lonophoresis by shding off the 
hd ivithout removmg either side bar After a run of several 
days, it may be necessary to imtiate the shdmg by tappmg 


Invesltgaiton of 3-day hydrolysate Wool (9 g ) was hydro 
lyzed with IOn-HCI (100 ml ) at 37® for 72 hr HCl was 
removed from the solution by distillation in lacuo below 
40° followed by treatment m the desaltmg apparatus Much 
of the colour was thereby removed After filtration the 
solution contained 1 29 g N (Kjeldahl) The solution was 
divnded mto two equal portions, I and 11, each of which was 
treated as follows After concentration tn vacuo to 16 ml , the 
solution was adjusted to pH c 4 with n HCl (1 6 ml ) and 
transferred quantitatively to a column of Amberhte IR-4 
(height 30 cm , diam 1 6 cm ) prepared and adjusted to 
pH 3-4 as desenbed by Consden ei cd (1948) The column 
was then washed with water The first 80 ml of eluate 
appeared to contam all the neutral and basic, but no acidic, 
ammo acids and peptides, as shown by paper chromato 
grephy, a further 20 ml contamed a neghgible amount of 
N only The column was then eluted with n-HCI, the removal 
of the pigment band servmg as indication of complete 
elution The N distnbutaon of the two fractions are given 
m Table 1 To obtam blanks, the whole procedure was 
repeated omittmg the hydrolysate Blank (1) is the N washed 
out at pH 3-4 and blank (u) is the N washed out by N HQ 

Table 1 N disinbutton of two portions of wool 
hydrolysate after Amberlite separation 


Portion I Portion H 

(N found) (N found) 



(mg ) total) (mg ) total) 


Neutral and basic 

448 6 

70 4 

440 6 

70 0 

fraction less blank 

(1) 

Acidic fraction less 

188 3 

29 6 

188 3 

30 0 

blank (u) 

Total 

636 6 

— 

628 9 

— 

Recovery (%) 

(98 6) 

— 

(97 3) 

— 

Amberhte blank (1) 

04 

— 

04 

— 

Amberhte blank (u) 

0 7 

— 

07 

— 
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After removal of HCl in the desalting apparatus tho 
solutions were concentrated tn lacuo Part (30 %) of tho 
acid fraction from I (Table 1) Mas next subjected to lono 
phoresis Tho acidic peptide mixture was made up to 8 nil 
with sihcate and acetic acid solutions and alloMcd to set in 
a gutter 11cm ivido cut out 3 cm from the cathode end of 
the jelly After applying a potential of 270 V for 88 hr tho 
hd was slid off and a paper ‘ pnnt ’ taken and developed m ith 
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Fig 3 lonophoresis of partial hydrolysate of wool 


acidified mnhydnn solution (0 1 % (w/v) nmhydrm in 
7i-butanol containmg 0 02 ml IOn HCl/ml ) Nme bands, 
some of which were contiguous, of vaiymg mtensitics were 
revealed and 10 fractions (A— x/) were out out as shown m 
Fig 3 The filtrates from each cut were freed from acetic acid 
and NajSO^ as described by Consden, Gordon, JIartm L 
Synge (1947) Next, the concentration of each fraction 
was gauged by one dimensional chromatography on small 


sninplos, using phenol and collidine Tlioso fractions mIiioIi 
separated insiifllcicntly in phenol Mere tested in other 
solvents until a system ginng adequate resolution was found 

liccovcricsof avivio acidffromconlroltnixlurc The mixture 
for this expcnnicnt consisted of glycine, iiL sonne, ni 
alanine, dl \ aline (3 2 mmol of each) and L glutamic acid 
(1 07 mmol ), less of the latter being used because of its low 
solubihtj' This mixture Mas put through all the stages which 
had been used for tho partial hj'drolj’satc, omitting the 
Amberhto treatment Eccoicncs after each stage More 
determined bj estimation of N (Kjcldahl) Tho results are 
shmrn m Table 2 

Sysicmaltc examination of iotio])horcltc fractions Fractions 
A, B, C and D Mere inicstigated in tho first lonophorcsis 
only A and B Mere found to bo simple {Rp ^ allies 0 04 and 
0 00, resjiectn ely, m phenol and 0 14 andO 14, resjicotivclj , 
in collidine) These fractions m ere therefore anal3’zcd b3 one 
dimensional chromatograph3' using phenol 1' ractions G and 
D Mere found to consist only of free aspartic and glutamic 
acids rcspcctii elj ' 

Fractions E-J Mcro inicstigatcd on duplicate two 
dimensional chromatograms on Whatman no 4 paper ns 
described b3' Consden cl al (1947) using 0 1% ninh3drin 
in n butanol to roical tho full picture on one and 0 01% 
mnh3dnn on tho other to show tho position of tho 
spots to bo further nnnl3T!;cd Control one dimensional 
chromatograms of a complete h3drol3'sntc of mooI Mere 
de\ eloped parallel to that of tho peptide mixture along tMO 
edges of each sheet Tlio control in tho first sohent was cut 
off before do\clopment of the chromatogram in the second 
sohent Tho chromatograms are represented in Figs 4-9 
Collidine m as the first solvent m all cases Tho second soh ent 
for fractions E, F and G was phenol For fractions II and J, 
tho second soh ents were rcspcctn 0I3 p cresol and o crcsol, 
each being used in an atmosphere of cool gas and NHj Tho 
times of development in each direction are recorded m 
Figs 4-D Tho ammo acids, obtained b3’’ hydrol3sis or by 
deamination followed by hydrol3'Bis (separate chromato- 
grams bemg used for each) of the extracted peptide spots, 
wore identified b3 one dimensional chromatogmph3 Tho 
soh ents used for tho latter wore phenol or colhdino Where 
separations m ore inadequate in one soh ent, tho hydrol3 sates 
were diinded and run in both As a guide to tho identification 
of the ammo acids, control mixtures were chromatographed 
side by side m ith tho treated peptide spots For colhdinc, the 
control mixture consisted of 13'sine, arginine, sonno, glycme, 
alarnno, prohno, \nlmo, leueme, t3'Tosmo and phon3'lalnnin0 
For phenol, tho control contamed aspartic and glutamic acids. 


Table 2 Recovery of ammo acids from a control mixture of ammo acids after various stages of analysis 


Stage 
Incubation 
1st desaltmg 

2nd desaltmg (after acidification with HCl) 
lonophoresis 

(а) Glutamic acid 

(б) Neutral compounds 

Acetate removal and desaltmg 

(а) Glutarmc acid 

(б) Neutral compounds 


N (mg ) at start 
of stage 

N (mg ) at end 
of stage 

Recovery (%) 

193 0 

196 0 

100 7 

181 0 

172 0 

95 1 

168 3 

162 0 

96 3 

4 65 

4 22* 

90 76 

66 76 

48 73* 

87 4 

3 27 

3 11 

96 1 

46 78 

43 98 

96 0 

for the N blank of the silica jelly 



Over all 
recovery 


79 0 
76 9 
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Collidine (66 hr ) 



Fig 4 Two dimenBional chromatogram of fraction E In 
Figs 4-9 the arrows show the direction of movement of 
the solvents (ooUidme being the first), the ongm bemg at 
the small dotted cirole The spots of the ninhydrm treated 
chromatograms are shown m outlme, the broken outhnea 
represent the yeUow ‘salt’ spot The smaller spots along 
the edges of the sheets are those of the control mixtures, 
the positions of the ammo acids of which are mdioated by 
the abbreviations 


Collidine (66 hr ) 



Fig 6 Two dimensional chromatogram 
of fraction F 


serme, glycme, threomne, alamne, tyrosme, vahne and 
lencme Each solution was approximately 0 015 m with re 
speot to each ammo acidand3-6^ ofeach solution was used 
for each chromatogram The results are given m Table 3 


r Collidine (42 hr) 




IFig 7 Two dimensional chromatogram of fraction H 


Aa no attempt was made to distmguish between lencme, 
iBoleucme and methiomne, these ammo acids are recorded 
as ‘lencme’ 

The mtensities of the mnhydiin spots are shown m Table 3 
by X ’s which have the same significance as m the paper of 
Consden et al (1947), one x represents a rather famt to 
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moderate intensity and ? represents a very veak spot 
Where aliydrolysate has been im estigated m more than one 
solvent, the spot strength shown in Table 3 is an average 

^ Collidine (42 hr) 
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Lys Gly Pro Val 
Arg 


Leu Tyr 
Phe 


Fig 8 Two dimensional chromatogram of fraction / 


Tabic 4B The mtonsitics Mere found to agree well with the 
N figures given in Table 2 

After cnck fraction in Table 3 arc bIiouti those peptides 
Minch arc considered to bo present and those Mhich inaj bd 
present, but for m Inch there is less dtfimte o\ idcncc lUsiducs 
represented by a ? liavo not been included in the latter scot ion 
unless they formed a considerable proportion of the whole 
fraction A square bracket indicates that the order of the 
residues m the peptides has not been established All the 
spots shown in Figs 4—9 w ere anal^^zed, but not all anal^ scs 
are recorded hero because in most of the cases concerned so 
many amino acids were obtamed on hjdrolj’sis that the 
results could not bo interpreted Spot 1 of fraction E (Fig 4) 
has been included ns an ovamplo of tbo latter categorj [The 
foUowmg abbrci lations for ammo acids or their residues arc 
used m Table 3, Figs 4-9 and subsequently in tbo text, and 
are as proposed by Brand A Edsall (1947) alanine, Ala, 
nrgnune, jWg, aspartic acid. Asp, cjsteic acid, (CjSOjH), 
C3stmo (half molecule), (CjS ), glutamic acid, Glu, gljcino, 
Gly, leucine, Lou, lysme, Lys, phcnylalanme, Phe, prohne. 
Pro, sormo, Scr, threomne, Thr, t3Tosmc, T3T, ^almo, Val ] 
Owmg to repetition of the hydrol3 sis evponraents, insuf 
ficicnt of fraction E was left for deammntion Tlio deami- 
nation results for fraction F were obtamed from one di- 
mensional chromatograms do\ eloped in phenol for 00 hr , 
since the peptides wore very slow m colhdmo (material of 
spot 1 after deaimnation and hydrolysis was lost) The 
occurrence of mcrcased quantities of cysteic, aspartic and 
glutamic acids after deamination and hydrolysis of spot 3 
18 duo to more mntcnal havmg been used for this stage 
Spot 4 from a further chromatogram of fraction O was 
evammed ncnin This spot was extracted and divided mto 



Arg Gly Pro Val Leu Tyr 
Lys Ala Phe 

Fig 9 Two dimensional chromatogram of fraction J 

The mtensity of the mnhydnn spots was correlated with the 
amounts of ammo acids present by developmg control 
mixtures at various concentrations on one dimensional 
chromatograms m phenol and coUidme (Table 4A) In order 
to estimate the losses snstamed dnrmg the fractionation 
procedure, the control mixture used for the N recoveries 
(Table 2) was put through the complete procedure shown, in 
Fig 1 omittmg the Amberhte stage The results are shown in 


twocqual parts Onobalfwasninnsamixedtwo dimensional 
chromatogram with the addition of 20 pg I. glutam3 1 dl 
alanme, the other bemg used for a control chromatogram 
Both were developed first m phenol (18 hr ), followed by 
colhdme (42 hr ) On colounng with ninh3 dim, both 
chromatograms were similar and showed two partially 
resolved spots having the Bj, i alues of glutam3lalnnmo and 
alanylglutanuc acid (Table 0) In order to examme whether 
the senne residue is stable to deanunation m dipoptides in 
which its ammo group is protected, gl 3 'C 3 1 dl serme (60 pg , 
Fischer A Roesner, 1910) was deammated after extraction 
frrom a paper chromatogram which had been do^ eloped in 
phenol Chromatography of the hydrol3'8ato showed one 
spot only, which was serme 

The presence of tyros3dglutamio acid, loucylaspartio acid 
and leuoylglutamic acid m fraction H was confirmed m the 
followmg manner a mixed two dimensional chromatogram 
with 1 6 % of fraction H and 10-20 pg of each of these 
synthetic peptides were developed usmg the same solvents 
as above As control equal amounts of the three synthetic 
peptides were apphed to a second sheet which was dei eloped 
at the same time in the same box After colounng with 
mnhydnn the mixed chromatogram showed no significant 
difference from that obtamed ivith fraction H alone The 
chromatogram of the synthetic peptides showed only two 
spots, one oorrespondmg m position to spot 6 (Fig 7) (t3TO 
sylglutamic acid), the other to spots 2, 3 and 4 (Fig 7) 
(leucylaspartic acid and louoylglutamic acid) 

Spots 2-6 of fraction I wore not deammated The results 
for spot 1 were obtamed from an elongated spot extracted 
from the top portion of a one dimensional chromatogram 
developed with phenol from the matenal of the first lono 
phoretic separation (p 649) Little cystme or cysteic acid was 
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detected after hydrolysis of the corresponding spot on the 
tiro dimensional chromatogram, presumably owing to 
destruction of cystme durmg the chromatography However, 
ftaction I gave a very strong disulplude reaction with nitro 
prusside relative to the other fractions The presence of 
cysteic acid after deamination and hydrolysis is considered 
to be due to oxidation of cystme by the oxides of mtrogen 


1949 

0 32n NajSOj for perfusmg the electrodes The bands shown 
on prmtmg mdicated a satisfactory separation of glutamyl 
glutamic acid The aspartic and glutamic acid bands were 
satisfactory though still not widely separated, but the other 
peptide bands were decidedly less satisfactory than m the 
buffered jelly used m the mam expenment The fastest band 
observed on the paper prmt (glutamylglutamio acid) was 


Table 4A Intensities of ninhydnn colours with various amounts of amino acids 


Amount of ammo acid (pmol ) 



0 24 

0 12 

Phenol 

0 06 

0 03 

0 015 

0 008 

0 004 

Aspartic acid 

X X X X X 

X X X X 

X X 

X 

? 

— 



Glutamic acid 

X X X X X 

X X X X 

X X 

X 

X 

? 



Serme 

X X X X X 

X X X X 

X X 

X 

X 

? 



Glycme 

X 

X 

X 

X 

X 

X X X X 

X X 

X 

X 

T 

— 

Threonme 

X X X X 

X X 

X X 

X 

? 

— 

— 

Alamne 

X 

X 

X 

X 

X 

XXX 

X X 

X 

X 

? 



Tyrosme 

XXX 

X X 

X 

X 

? 

— 

— 

Valme 

X X X X X 

X X X X 

X X 

X 

X 

t 

— 

Leueme 

X X X X X 

X X X X 

Collidine 

X X 

X 

X 


~ 

Lysme 

X X X X X 

X y X 

X X 

X 

? 

— 

— 

Argmme 

XXX 

X X 

X 

? 

? 

— 

— 

Glycme 

X X X X X 

X X X X 

X X 

X 

X 

? 

— 

Serme 

X 

X 

X 

X 

X X 

X 

X X 

? 

? 

— 

Alanme 

X 

X 

X 

X 

XXX 

X X 

X 

X 

? 

— 

Prolme 

X X 

X 

X 

? 

— 

— 

— 

Valme 

X X X X X 

XXX 

X X 

X X 

X 

? 

— 

Leueme 

X 

X 

X 

X 

X 

XXX 

X X 

X 


r 

— 

Phenylalanme 

XXX 

X X 

X 

X 

— 

— 

— 

Tyrosme 

XXX 

X X 

X 

X 

— 

— 

— 


Table 4B Intensities of ninhydnn colours of ammo- 
acids on a paper chromatogram after passing a 
control mixture through complete procedure 


(Amount of each ammo aoid at start was 0 4 pmol } 


Amm o acid 
Glutamic acid 
Serme 
Glycme 
Alamne 
Valme 


Intensity of 
nmhydrm colour 

XXX 
X X X X 
XXX 
XXX 
X X X X 


3 2 cm wide, and only this width of jelly was out out The 
aspartic and glutanuc acid bands (total width 8 6 cm ) were 
out out together As a control, S 5 cm of jelly was out out 
weU m fixmt of the glutamylglutamic acid band. These 
fractions were filtered and desalted and each solution made 
up to volume Table 5 gives the results of the N estimations 
Chromatography of the glutamylglutamic acid band usmg 
phenol showed its homogeneity 

Table 6 Analysis of glutamylglutamic and and 
dwarhoxylic amino acids after lonophorests 


Spot 3 of fraction J was not deammated In a mixed 
chromatogram of fraction J and leucylglutamic acid 
developed m colhdme (42 hr ), followed by o cresol (42 hr ), 
the leuoylglutamio acid spot was separate from and verti 
oally above spot 2, as expected from the Bj, values 

Esttmaiton of glutamglgltUamtc acid A 3 day partial 
hydrolysate was prepared as above from another sample of 
the same wool, except that it was not desalted or fractionated 
with Amberhte IBi~4 It contamed 13 93 mg N/ml 
(Kjeldahl) The lonophoresis apparatus was filled with a 
solution made by brmgmg 4 3N-aodium sdicate (62 ml ) m 
water (360 ml.) to pH 7 with 0 9n H 1SO4 (300 ml ) This was 
allowed to set to a stiff jelly under a glass hd The gutter 
contamed 8 0 ml of a solution made by mixing 4 3 n sodium 
sdicate (0 45 ml ), water (4 9 ml ) and hydrolysate (3 6 mL), 
the solution bemg adjusted to pH 7 with 0 Gk-HsSO^ 
(0 05 ml ) Thus, 44 8 mg N was contamed m the gutter 
lonophoresis was earned out for 43 hr at 270 V usmg 


N as % total N 

Blank 0 05 

Glutamylglutamic acid 0 6* 

TVee glutamic + aspartic acids 3 16 

* As this cut was rather narrow, this figure must be con 
sidered as a minimum 

Attempted tsoUUton of glutamylglutamic acid using Amberhte 
IB~i The whole of the acidic peptide fraction {portion H, 
Table 1) was concentrated in vacuo and filtered The solution 
was then transferred to a column of Amberhte IR-4 (length 
30 cm , diam 1 6 cm ) which had been equihbrated and 
washed with 0 003 n HCl Eluates were exammed by 
partition chromatography usmg phenol The results are 
shown m Fig 10 

Bp vedues of synthetic acidic peptides These are given m 
Table 6 n-GIutamyl l glutamic acid was prepared accordmg 
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to the method of Bergmann & Zervas (1932), l glutamyl 
glycme accordmg to Grassman L Schneider (1934), glycyl L 
glutamio acid accordmg to Fischer, Kropp &, Stahlschmidt 
(1909), DL-alanyl L-glutamio acid accordmg to Goldschmidt 
&, Strauss (1929), L leucyl l glutamic acid according to 
Fischer (1907) and l leucyl n aspartic acid accordmg to 
Fischer L Koemgs (1904) Tlio preparation of the romammg 
peptides wdl be descnbed in a later commumcatien (Consdcn 
L Gordon, to be published) 

D . 


(1 ml ) The solutions u ore transferred to the holes and left to 
set Tno ionophoretic separations More caTTicd out In the 
first, glutamic acid (control) and leucylglutnmic acid were 
used, m the second, gluts nno acid (control), glutamyl 
glutamic acid and alanylglutanno acid 'were used In both 
exponments, a potential of 200 V nas applied for 17 hr , 
after uliioh time the lid was slid off and paper ‘pnnfs’ 
taken The rao\ emont of each substance n ns measured from 
the ninhydnn pnnt, which shou cd moderatel;y strong purple 


C 


B 


I 1 1 I 1 I 1 I - - I 

0 100 200 300 400 500 600 700 800 

Eluate vo) (m\ ) 

Fig 10 Chromatography of acidic fraction of partial hydrolysate on Amberlitc rR-4 at pH 2 5 A, peptides of 
dicarboxyhc ammo acids with neutral ammo acids, B, glutamic ncid, C, aspartic acid, J}, glutnmylglutamic acid 


Table 6 Up values of synthcHc acidic peptides in various solvents 
Solvent Phenol 

Additm 

0 06 
019 
0 21 
0 37 
0 38 
019 


L-Glutamyl ii-glutaimo acid 
Glyoyl L glutamic acid (Y) 
L-GIutamyl glycme 
DL-Alanyl L-glutamio acid 
L-Glutamyl Di>alanme 
nn-Seryl i/-glutaimc acid (G) 


L-Leuoyl L-glutamio acid 0 66 

L Leucyl L-aspartio acid 0 55 

L Tyxo^l n-glutamic acid (GF) 0 36 


purple All the others gave purple colours 

Dtlerminatwn of tonophoreltc raies of synthetic peptides of 
glutamic acid The jelly for this experiment was prepared 
from acetic acid and sodium sihoate as descnbed above, hut 
in this case its length was only 60 cm Instead of a oontmuous 
gutter, a row of holes 0 6 cm diameter was made m the jelly 


CoUidme 

0 Crcsol 

in Crcsol 

p Crcsol 

Dietbylammo 

HON 

NH, (0 3 %) 

NH,(0 3%) 

NH,(0 3%) 

012 

000 


. 

0 22 

0 00 

0 01 

0 04 

0 22 

0 00 

0 02 

0 03 

024 

0 00 

0 02 

0 00 

0 27 

0 00 

0 01 

0 06 

0 26 

0 00 

0 00 

OOf) 

(streaky) 

039 

0 08 

0 12 

0 31 

0 39 

0 04 

0 10 

0 23 

0 60 

0 02 

004 

0 07 

ninhydrin Y=yellow, obanging 

finally to purple, 

G=groy, GP=grey 


circles The data are given in Table 7 and also plotted on 
Fig 3 after adjustment so that the glutamic acid bands 
superpose 

DISCUSSION 


Table 7 Ionophoretic rates of some peptides 
of glutamic acid 


Exp 

Substance 

1 Glutamio aoid 
Leuoylglutamio acid 

2 Glutamic acid 
Glutamylglutamic acid 
Alanyl^utamic acid 


Diameter Movement of 
of spot centre of spot 
(cm.) (cm ) 

27 90 

32 40 

4 5 10 2 

2 6 16 4 

40 64 


a p^iaUy neutralized sodium sdicate solution (0 26 

Wue (mterual mdicator) 

4 st S was prepared by mn 

4 3x sodium sihcate (1 ml ), water (8 ml ) and K aiJtio , 


Interpretation of results 

From the analysis of the spots, the presence of 
certam peptides can be inferred with certamty 
However, we shall first discuss those results which are 
more difficult to interpret 
Fraction E (Fig 4) A possible hypothesis to 
explam the presence of ammo -acids m very varying 
proportions m spot 1 is that alanine, serine, valine 
and leueme occur, each bnked with two residues of 
a dicarboxyhc ammo acid as tripeptides Wlule 
such a hypothesis is not at variance with the expected 
chromatographie and ionophoretic behaviour of 
such ^batances, it cannot be proved without more 
rehned separations than those so far aclueved Spot 2 
IS considered to be due to the tnpeptides [Glu, Glu 
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Tyr] ratlier than dipeptides containing one glutamic 
acid residue (spot 6, fraction H, Fig 7) The iono- 
phoretic rate of fraction E does not correspond to 
[Glu, Tyr] wJiose ionophoretic rate would presumably 
be similar to or slower than those of Glu Lou and 
Leu Glu which actually occur together with Glu Tyr 
and Tyr Glu m fraction H Moreover, the Rp values 
of spot 2, fraction E and spot 6, fraction H show a 
difference consistent 'ivith the presence of an extra 
glutamic acid residue In addition, no tyrosine- 
yieldmg spot occurs in the appropriate position m 
either of the chromatograms of the slower lono 
phoretic fractions F and O Since fraction Q contains 
Glu Ala and Ala Glu (see below), it is unlikely that 
a dipeptide of glutamic acid with tyrosme (having 
a much larger molecular weight) -will occur in 
fraction E Free glutamic acid may be present in 
spot 2 (which has the Ry values for this amino acid. 
Fig 4) owing to overlapping from fraction D In 
addition, peptides containing three or more residues 
of a dicarboxylic acid may well be present m this 
fraction 

Fraction F (Fig 6) The presence of cysteic acid in 
the hydrolysate of spot 1 is probably due to oxidation 
of cystme peptides durmg the working up of frac- 
tion F Were peptides of cysteic acid with dicarb- 
oxylic amino acids origmally present, their lono 
phoretic rates would presumably be similar to those 
of fraction A or B As Glu (CyS ) and (CyS ) Glu 
occurred in fraction I, it is considered that the faster 
movuig fraction F contains tripeptides of cystine 
wth two acidic residues (Asp and/or Glu), and not 
dipeptides Of the possible combmations in spot 2 
[Glu, Gly, Glu] or [Glu, Ala, Glu] are regarded as 
being present, because the glutamic acid must be 
attached either to glycme or alamne, and Glu Ala 
and Ala Glu are excluded because these pieptides 
have higher Bp values m phenol (fraction O, Table 0), 
and lower ionophoretic rates As glutamic acid 
decreases markedly, relative to glycme, after deami- 
nation it IS probable that glutamic acid carries most 
of the free ammo groups of the tripeptides 

As the ionophoretic rates of the dipeptides of 
aspartic or glutamic acids with valine or leuome are 
much slower than that of this fraction, their presence 
IS unlikely here but [Glu, Gly] or [Glu, Ala] may over- 
lap from fraction O Hence tripeptides, Glu Glu 
with valine or leucme, are regarded as bemg present 
and similar tripeptides containing aspartic acid may 
be present 

Fraction O (Fig 6) Spot 2 of fraction O is con 
sidered to contam Gly Glu because too much glyome, 
ns ] udged by the intensity of the spots after hydrol 5 'Si 8 , 
18 present to bo Imked only with aspartic acid 
Similarly, spot 6 is considered to contam Ser Glu, 
but must also contam at least one of the dipeptides 
Ser Asp, Thr Asp It will be observed that the 
contiguous spots, 1 and 6, gave somewhat similar 
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results on analysis Tins was also true of the conti 
guous spots 4 and 0 Tlio presence of the same 
substance m rather different areas of the chroniato 
gram is presumably caused by the presence of 
interfering substances (‘salt effect’), since material 
from spot 4, after removal of some of this interfering 
substance behaved as spot 6 material, and had Rp 
values in collidine and phenol similor to those for 
synthetic dipeptides alanylglutamic acid and 
glutamylalanme (Table 0) The ‘salt effect’ (cf 
Consden <L Gordon, 1948, Partridge (L Westall, 
1948) w'os observed in several of the ionophoretic 
fractions as a yellow zone (see Figs 4, 6, C, 8) It 
must therefore bo concluded that little reliance con 
be placed on Rp values imless the solution under 
investigation is free from salt or other mterforing 
substances 

Fraction H (Fig 7) Glu Leu is clearly present iii 
cut 4 and hence is probably present m cuts 2 and 3 
as these tliree outs were all from one large spot 
(Fig 7) As phenylalanme gives a relativelj’^ weak 
colour \vith ninliydrm, (Table 4A), Phe Glu is 
recorded as bemg possibly present m cut 0, oven 
though the phenylalanme spot obtamed after 
hydrolysis wos weak 

Fraction I (Fig 8) Tlie presence of prolme in 
spot 2 IS presumably due to an overlap of spot 0 
(yellow) which W'ss found to be free prolme The 
presence of prolme m fraction I can only be explnmod 
os the result of hydrolysis of a prolyl dicarboxjdio 
acid peptide durmg workmg up at a stage subsequent 
to lonophoresis Spots 7 and 8 appeared to be 
resjoectively free aspartic and glutamic acids, which 
may be derived from the same peptide as the prolme 
of spot 6 Spots 2, 4 and 6 are considered to consist 
mamly of tripeptides contammg one residue each of 
a dicarboxylic ammo-acid, smce the ionophoretic 
rate of fraction J is slower than that of fraction B 
However, the possible presence of Glu Leu, Leu Glu, 
Glu Yal and Val Glu cannot be excluded, owing to 
overlapping of the previous fraction Glu Ala and 
Ala Glu are excluded both on grounds of Rp values 
and ionophoretic rates (see Fraction 0) The tri 
peptides [Glu, Ala, Ala] are excluded because thej’’ 
would be expected to have lower Rp values m phenol 
than spot 2 Glu Tyr and Tyr Glu cannot be 
present in spot 4 (which is equivalent to spot 5, 
fraction H) os this spot is well separated from spot 3, 
where they occur Tlie section ‘peptides possible for 
this fraction m Table 3 has been omitted because of 
the large number which may be present 

Fraction J (Fig 9) This fraction has a low lono 
phoretic rate compared with that of fraction H , the 
latter consists mamly of the dipeptides of aspartic 
or glutamic acids mth valine or loucine The spots 
of fraction J also have high Rp values, which 
necessitated the use of o cresol for the chromato 
grams (the Rp values of ammo acids and peptides in 
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this solvent being lovrer than those in lu- or p cresols , 
Consden, Gordon* Martin, 1944) Therefore this frac- 
tion IS considered to consist mainly of tripeptides 
of aspartic or glutamic acids with two residues of 
higher neutral ammo acids Little additional m- 
formation was obtamed from the deainmation of the 
spots, presumably because each consists ofa mixture 
of tripeptides 

General concLiisions 

It can be seen (Fig 3) that lonophoresis separates 
acidic peptides, as expected, accordmg to their 
charges and molecular weights, the peptides thus 
resemble the ammo-acids (Consden et al 1946a) 
Willie it IS well known that the depth of colour given 
by ammo acids with mnliydrin on pajier chromato- 
grams IS not an accurate measure of the amoimts of 
these substances present (Poison, jMosley & Wyckoff, 
1947), it is clear from the results presented here that 
the various peptides were present m widelj^ differing 
amounts Table 8 gives the relative proportions of 
those peptides considered to be certainly present, 
jthe data bemg derived from Table 3 These numbers 

Table 8 Dipepttdes found vnth their 
approximate proportions 

(The figures represent the relative proportions of peptides 
listed m Table 3 as probably present By adding the x ’b 
for each residue and multiplying by 100/(% of fimction used 
on each chromatogram), a number is obtamed which is 
converted to N percentage by reference to Table 4A Where 
peptides A B and B A (A and B bemg residues) are present, 
the relative proportion of the two has been estimated ) 

Nitrogen (as mg /lOO g total N of wool) pre 
sent as peptides of the compounds m column 1 
with aspartic or glutamic acids through the 
ammo groups of the dicarboxyho acid 


(o) Free 


(b) Combmed 


Aspartic Glutamic 


Glutamic 


Ammo acids 
present m ,■ 
wool (2 % or 
more of N) 

Aspartic acid 

Glutamic acid 

Senne 

Glyome 

Threonme 

Alanme 

Tyrosme 

Valme 

Leucme 

Cystme 

Prohne 

Phenylalanme 


are only a very rough guide to the actual amoimts 
present Assummg the peptide losses to be similar to 
ammo acid losses m the control experunents 
(Tables 2 and 4B), most of which occur durmg the 
l^t three stages shown m Fig 1, then the dipeptides 
identified, apart from glutamylglutamic acid, 
account for some 3 % of the acidic fraction This 


acid 

aoid 

acid 

acid 

— 

4 





4 

600 

— 



— 

— 

5 

17 

— ■ 

6 

— 

8 

— 

— 

— 



— 

29 

— 

27 

— 

29 

— 

27 

11 

— 



19 

11 

21 

19 

61 

— 

4 

— 

4 

— ■ 

— 

— 

— 

— ■ 

— 






ACEDIC peptides from wool 

together ivith glutamylglutamic acid (2 %) and free 
glutamic and aspartic acids (11%) account for a total 
of 16 % of the acidic fraction Controls using sjoi- 
tlietic peptides would be desirable, but these have 
not been done partly because of lack of material and 
partly because it is uncertain that the losses of the 
far simpler mixture, which one would have to use, 
would be at all comparable with the losses fomid 
with a hydrolysate Nevertheless, it can probably 
be assumed that the peptide losses are higher than 
the ammo-acid losses, owing to hydrolysis durmg 
the various stages, to formation of diketopiperazmes 
and to other factors, in addition, since many of the 
chromatogram spots, which may well have contained 
dipeptides, could not bo adequately identified, it is 
likely that dipeptides were originally present m far 
greater amounts than is mdicated by the above 
figures 

Excluding the basic and dicarboxylic amino-acids, 
it has been foimd that of the nme ammo-acids each 
known to be responsible for more than 2 % of the 
mtrogen of wool (Martin & Synge, 1941, Gordon, 
Martm & Synge, 1943a) five are linked to the a- 
carboxyl group and seven to the ammo group of 
glutamic acid Two were found to be linked to the 
a carboxyl and two to the ammo group of aspartic 
acid (Table 8) However, as aspartic acid occurs only 
to the extent of approximately half the amoimt of 
glutamic acid, it is likely that many of its peptides 
were missed Similar considerations appljf to thre- 
onylglutamic acid, glutamylthreonme, glutatnyl- 
phenylalanme and phenylalanylglutamic acid Thus, 
the absence of these peptides from Table 8 does not 
necessarily unply their absence from the partial 
tydrolysates, only those peptides for which there is 
positive evidence bemg given m the table Of the 
nme ammo acids mentioned above, only prohne has 
not been found Imked to either of the dicarboxylic 
ammo acids This is probably due to the peptide 
linkage mvolvmg prolme residues bemg particularly 
labile (fraction I) In this connexion it may be 
significant that Consden et al (1947) could not 
demonstrate the presence of prolylvalme m partial 
hydrolysates of gramicidm S, and that the syn- 
thetic peptide was found to be rather labile under 
the conditions of hydrolysis employed A further 
reason for the failure to isolate a dipeptide con- 
taimng a prohne residue may be the ease with which 
such peptides change to diketopiperazmes in aqueous 
solution (Fruton, 1948), these would be missed on 
the chromatograms, smce they do not give colours 
with nmhydrm The absence of glutamylserine, 
which contrasts with the presence of serylglutamic 
acid, IS probably due to its special lability (cf 
Desnuelle & Casal, 1948) rather than to its absence 
from the peptide cham A study of the kmetics of 
hydrolysis of these two peptides (cf Synge, 1945) 
would be specially desirable 
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The best evidence that none of the peptides 
identified, and particularly valylglutamic acid, 
glutamylleucme, leucylglutamic acid, tyrosylglu- 
tamic acid, glutamylaspartic acid and glutamyl- 
glutamic acid, have arisen by recombmation during 
the hydrolysis, is afforded by the observation by 
Consden, Gordon & Martm (unpublished work) that 
none of these dipeptides could be shown to be present 
m a partial hydrolysate of tyrocidme, which contains 
a proportion of dicarboxyhc ammo acids similar to 
that of wool (Gordon, Martm & Synge, 19436), 
whereas aspartylglutamic acid and glutamyltyro- 
sme were identified Glutamylglutamic iicid is the 
largest peptide component of the wool partial 
hydrolysate (about 10 % of glutamic acid mtrogen) 
and there is thus evidence that a substantial pro- 
portion of the glutamic acid residues are linked with 
other glutamic acid residues m the wool polypeptide 
cham 

Though the present results give no information as 
to long sequences of ammo -acid residues, they appear 
to be of some value m relation to theories already put 
forward regardmg the chemical structure of wool 
Thus, Astbury (1943) has suggested, on the basis of 
chemical and X-ray data, that polar and non-polar 
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ammo acid residues alternate along the peptide 
chains of wool The identification of glutamyl 
glutamic acid, aspartylglutanuc acid, glutamyl 
aspartic acid, tyrosylglutamic acid, glutamyl 
tyrosme, serylglutamic acid and threonylglutamic 
acid, m amounts comparable to those of peptides of 
polar non-polar type, seem to make this hypothesis 
untenable (cf Martm, 1946) 

STOOIARY 

1 The acidic peptides from partial hydrol5^ate3 
of wool, after separation by lonophoresis, have been 
analyzed by partition chromatography on paper 

2 Nmeteen dipeptides of aspartic and glutamic 
acids have been identified m the hydrolysates 
Evidence has been found for the presence of a 
number of tripep tides of undetermmed residue order 

3 Glutamylglutarmc acid was the peptide found 
m largest amount 

Thanks are due to the Director and CJormcil of the Wool 
Industnes Research Association for permission to publish 
this work We also thank Mr R C Palmer for helpful 
discussion 
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Rancidity in Indian Butterfats (Ghee) 

By K T ACHAYA 

Department of Indtt^tnal Chemtstry, University of Liverpool 
{Received 16 November 1948) 


It has long been realized that the analytical 
characteristics of deteriorated butterfats depart 
considerably from those of the fresh fats It is the 
more surprising, therefore, that the changes m 
butterfat, or ghee, durmg ordraarj’- rancidification — 
m loosely corked contamers exposed to diffused day- 
hght — ^have not been more mtensively studied 
Blsdon, Taylor & Simth (1931) studied commercial 
butters for very short periods and found mcreased 
Polenske values, while for butterfat Godbole & 
Sadgopal (1936) found decreased Polenske and 
mcreased Reichert values Curb (1939) and Bos 
Gupta (1939) excluded air from theu samples durmg 
storage, wlule Narasimhamurty (1941) used com- 
mercial ghee samples whose purity was open to 
suspicion In the present study, sets of samples of 
genume butterfat from tliree different localities were 
chosen, and stored under the first-mentioned, more 
or less ‘normal’ conditions The samples were not 
chosen at random, but represent characteristic 
products, one group from Indian buffaloes the 
butterfats of which were of roughly normal Reichert 
value (high for a buffalo) and normal lodme value, 
another from buffaloes heavily fed with cottonseed, 
a practice common m many dry areas m India, and 
a third from cows m pasture, such as are produced 
m any well-kept dairy It is possible, therefore, to 
draw comparisons between one set and another and 
also between mdividuals m the same group, a feature 
which will be appreciated durmg th© discussion 
A study of the changes m the characteristics 
alone, while it enables certam conclusions to be 
drawn, would it was felt be somewhat restricted and 
it was decided therefore to isolate and study the free 
fatty acids produced by rancidity m the tliree 
batches of ghee The products of spoilage of fats, as 
hitherto enumerated and sometimes isolated, mclude 
inter aha ketones, aldehydes, peroxides, hydro- 
peroxides, ozomdes, hydroxyacids and fatty acids 
IVhilst clearly the terms rancidity and acuity due 
to free fatty acids are not eqmvalent, it will be con- 
ceded that free fatty acids, especially over long 
periods as m the present instances, certainly form 
the largest proportion of the rancidity products, and 
may amount to as much as 20 % of the rancid fat, 
wlule peroxides (calculated as oleic peroxide) may 
approach only 2 % and aldehydes and ketones, 
accordmg to Mundmger (1930), ‘can be detected’ 
Biochem 1949 44 


The formation and composition of these fattj’’ ncids 
therefore represents a major factor m fat spoilage, 
especially in rendered fat where lipolytic compli- 
cations maj’- tend to be of subsidiary occurrence 

EXPERBEENTAL AND RESULTS 
Methods 

The three sots of Indian ghee chosen for study were (l)clc\en 
samples from buffaloes of the Agncultural College, Knkee, 
initially of high Rciolicrt and low lodmo values, a character- 
istic sample of whicli had been analyzed cnrlicr for fatty 
acid and glycende composition by Acbaya L Banerjee (1940) , 
(2) ten samples from Porbnndar buffaloes (hcanly fed with 
cottonseed Under and conditions) 6f extremely low Reichert 
and high iodine lalue a ropresentatn o sample had been 
studied earher, (3) twohe samples from cows of the Cattle 
Farm, Hosur, ns representing normal, highgrade cow ghee 

All the products wore in excellent condition when originally 
analyzed, but, when the present study was undertaken, had 
been maintained in storage under the conditions mentioned 
earher for 3-4 years The oharactcnstics were determined in 
the usual way acidities are expressed as acid values 
(mg KOH/g fat), peroxide values as ml 0 002 n NaiS.0j/g 
fat, and refractive mdices m terms of butyrorofractometer 
degrees at 40° 

After the oharactcnstics had been determmed, the 
mdividual samples m each lot were mixed and the free fatty 
acids extracted successively with boihng ethanol by 
thoroughly mixing, coohng tall the fat sobdified and drawmg 
off the supernatant ethanol Owmg to the low concentration 
of total fatty acids present m the ethanol (maximum 7 %) and 
to mutual Bolubihty effects between the fatty acids there is 
httle reason to fear that steano or higher acids may thus have 
been lost by deposition with the neutral fat m the sohd phase 
durmg the ethanol extractions After five or six extractions 
(when typical acidities of the orders, 23, 11, 6 7, 4, 2 7, 1 8 % 
were left m the separated fat phases), the ethanol extracts 
were mixed, exactly neutralized with cone KOH, the ethanol 
dnven off and the soaps thoroughly extracted with ether to 
remove any adventitious neutral fat Tables 1 and 2 give a 
summary of the results obtained 

Analytical results 

The changes m the analytical figures are m general 
extremely well defined, and very similar m the three 
groups Of the thirty-three samples, only tliree show 
a fall (and these extremely small) m Reichert value 
Tlie mcreases m Polenske value are more strikmg, 
amountmg sometimes to four tunes that of the fresh 
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fats but averaging about double With a single 
exception the iodine values, as to be expected, 
showed diminution to varymg extents winch are 
rouglily parallel with the production of free acidity 
m the mdividual sjiecunens concerned Large 
mcreases m the saponification valnes are almost 
always apparent, wlule the refiiactive mdices vary 
erratically 

The acidities and peroxide valnes demand separate 
consideration It is abundantly clear that, m 
advanced rancidity, the peroxide values are little 
mdication of the extent of its progress as perceived 
organoleptically A curious feature associated with 
these samples may be mentioned Some of the 
Kirkee samples were coloured qmte bright yellow, 
while the others were almost colourless, and it iB m 
the former samples that the peroxide and acid 
valnes are very small This would lead one to specu- 
late on the possible anti-oxidative nature of the 
carotene m the specimens — further supported bj'’ the 
generally low acid and peroxide values of the bright 
yellow cow ghees fi'om Hosur, and the contrastmg 
high values of the extremely white Porbandar 
buffalo ghees 
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value (usually also associated with large mcreases m 
peroxide value) are almost mvariably accompanied 
by similarly large increases m Beichert, m Polenske 
and m saponification values and, most sigmficantly, 
by correspondmgly large falls m lodme value The 
peroxide values are v6ry small m actual amount 
(1—2 % of the total fat), and, smce they are generally 
recognized m rancidity as precursors of further 
breakdown products, it is perhaps natural to expect 
them m quantities proportional to the fatty acids 
already present, fresh peroxide bemg formed as part 
of it was converted to further products Increases in 
acidity run concurrently with losses m lodme value 
m butterfat, the latter is a measure mamly of oleic 
glycerides, and it follows that oleic glycerides are 
therefore converted largely into fi:’ee acids Furtlier 
evidence that tins is the case is obtamed by plotting 
the loss m lodme value of each sample agamst the 
acidity (calculated as a percentage of the mean 
molecular weight of the fi’ee acids (saponification 
eqmvalents) as shown m Table 2) The resultmg 
smooth curves (Fig 1) appear to be characteristic of 
an autocatalytic reaction, the agent bemg perhaps 
the peroxides imtially formed or even the fi’ee acids 


Table 1 Changes m the analytical characteristics of ghees during devdopment of rancidity 


Ongmal samples 


Charaotenstio Range Average 

Kirkee, buffalo ghees. 


Acid value 

Neghgible 

Negligible 

Saponification value 

223 9-239 3 

228 9 

lodme value 

26 7- 31 1 

28 9 

Butyrorefraotometer 

39 2- 43 1 

41 9 

readmg (40°) 

Reichert value 

26 7- 39 1 

321 

Polenske value 

11- 2 7 

1 7 

Peroxide value 

Neghgible 

Negligible 


Porbandar, 

buffalo ghees. 

Acid value 

Negligible 

Negligible 

Saponification value 

200 8-224 0 

213 3 

lodme value 

30 6- 39 9 

364 

Butyrorefraotometer 

43 8- 46 9 

46 6 

readmg (40°) 

Reichert value 

14 6- 33 6 

21 0 

Polenske value 

04- 24 

1 1 

Peroxide value 

Neghgible 

Negligible 


Hosur, cow ghees. 

Acid value 

Negligible 

Negligible 

Saponification value 

213 2-226 3 

221 4 

lodme value 

34 6- 39 2 

371 

Butyrorefractometer 

43 8- 46 0 

443 

readmg (40°) 

Reichert value 

23 8- 26 2 

248 

Polenske value 

12- 2 1 

1 6 

Peroxide value 

Neghgible 

Negligible 


Tlie most outstandmg feature of Table 1, however, 
IS the marked parallelism between the alterations m 
each characteristic, suggestmg that they all proceed 
from a smgle general cause Large mcreases m aoid 


Rancid samples Change due to rancidity 


A 


/ 

A 

N 

Range 

Average 

Range 

Average 

1 samples, normal pasture feed 



6 3- 62 3 

249 

+ 6 3 — f- 

62 3 

+249 

227 6-261 0 

243 6 

- 22- + 

33 5 

+14 7 

6 9- 28 3 

181 

-24 2--t- 

08 

-108 

40 3- 42 6 

41 7 

- 1 6- + 

1 3 

_ 02 

32 2- 40 7 

36 4 

- 06- + 

12 3 

+ 43 

17- 4 4 

2 9 

- 0 3--(- 

29 

+ 12 

0 7- 71 6 

34 7 

-t 0 7- + 

71 6 

+ 34 7 

10 samples, high cottonseed 

feed 



11 6- 24 1 

18 2 

-til 6- + 

241 

+ 18 2 

213 0-260 2 

226 9 

- 26- + 

29 5 

+ 13 6 

14 0- 28 3 

19 0 

_ 22 1 

74 

-164 

43 8- 46 4 

461 

- 14- + 

09 

- 06 

18 9- 37 0 

249 

- 0 7- + 

68 

+ 39 

11- 3 7 

1 9 

- 10- + 

28 

+ 08 

19 4-103 4 

640 

+ 19 4- + 1034 

+ 640 

12 samples, normal feed 




6 3-14 8 

101 

+ 6 3 — h 

14 8 

+ 101 

227 6-238 3 

232 6 

+ 46- + 

22 6 

+ 11 1 

22 2- 36 0 

28 8 

-16 2-- 

1 8 

- 83 

43 7- 46 2 

443 

- 1 1- + 

07 

Nil 

27 9- 30 2 

289 

+ 3 1- + 

62 

+ 41 

2 0- 3 0 

26 

+ 04- + 

1 6 

+ 09 

16 0- 48 6 

32 6 

+ 16 0- + 

486 

+ 32 6 


themselves Davies (1941) studied somewhat 
empirically the free fatty acids of rancid butter and 
found them to be mainly composed of oleic and lower 
acids, while Rangappa & Banerjee (1946) found 
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broadlysumlarfeaturesmtheacidfractionsextracted 

from market samples of butterfat it is often the 
case, however, that these are made from butter that 

Table 2 Free fatty actdsfrom umied samples 
of rancid ghees 

Free fatty 




Mixed 

acids ISO 


khxed 

neutrahzed 

lated from^ 

rancid ghee 

ghee 

rancid ghee 

ICirkee, buffalo ghee 

Soft, 


Soft, 

Hard, 

yellow, 


heavy 

bland 

crystalhne 

Appearance 

odour 

odour 

solid 

Melting pomt (°) 

34 3 

40 3 

32 0 

Sohdification pomt (°) 

27 8 

32 8 

31 0 

Butyrorefractometer 

417 

426 

29 4 

readme (40 ) 

Acid value 

23 0 

1 8 

— 

Saponification value 

243 0 

221 4 

320 3 

Saponification equiva 

230 2 

263 4 

176 2 

lent 

lodme value 

191 

15 9 

20 4 

Reichert value 

35 9 

26 9 

119 8 

Polenske value 

3 1 

1 7 

13 6 

Peroxide value 

30 7 

16 9 

— 

Porbandor, buffalo ghee 

Hard and 

Just solid. 


Pasty, 

granular, 

amber 


acnd 

bland 

coloured. 

Appearance 

odour 

odour 

crystalhne 

Meltmg pomt (°) 

38 7 

39 2 

32 7 

Sohdification pomt (°) 

34 6 

36 0 

29 0 

Butyrorefractometer 

444 

45 2 

30 6 

reading (40 ) 

Acid value 

23 1 

46 

— 

Saponification value 

237 1 

230 3 

294 4 

Saponification eqmva 

236 0 

243 6 

190 6 

lent 

lodme value 

20 6 

20 3 

22 5 

Reichert value 

288 

24 9 

49 3 

Polenske value 

2 7 

1 3 

13 2 

Peroxide value 

28 5 

17 7 

— 

Hosur, cow ghee 

Soft, 

Very soft. 


Pasty, 

famtly 

dark 


rancid but 

granular. 

amber m 


not acnd 

bland 

colour. 

Appearance 

odour 

odour 

crystalhne 

Meltmg pomt (°) 

35 8 

342 

28 0 

Sohdification pomt (°) 

36 4 

36 6 

28 0 

Butyrorefractometer 

43 7 

444 

37 1 

readmg (40°) 

Acid value 

10 6 

3 1 



Saponification value 

232 1 

228 8 

293 6 

Saponification eqmva 

241 6 

245 3 

191 1 

lent 

lodme value 

29 6 

30 0 

291 

Reichert value 

28 8 

26 6 

67 6 

Polenske value 

25 

2 1 

13 0 

Peroxide value 

32 7 

26 8 



has deteriorated considerably so that the character- 
istic rancidity products of the latter are hable to be 
carried over Agam, the Reichert and Polenske 


values of the de acidified fats studied m the present 
work were m all three cases extremely close to the 
,origmal values for these fats when fresh, indicating 
that these glycerides had largely remained mtact All 
these features appear to point to one fact a mainly 



Fig 1 Rise of acidity accompanjung loss in iodine \ nine 
during rancidity 

oxidative mechamsmproducmg free acidity mbutter- 
fat durmg spoilage, as opposed to a lipolytic one 
(possibly somewhat selective towards oleic and lower 
fatty glycerides) m butter 

Detailed study of the free fatty aads 

The free fatty acids (thus isolated in the form of 
dry soaps) were now analyzed for component fatty 
acids , the Kirkee soaps were divided mto two lots 
and analjT^ed usmg the lead-salt separation teclmique 
and the low temperature crystallization procedure 
(usmg 10 ml of ether/g of acids at —45°), respec- 
tivelys for the partition of the acids non-volatile m 
steam (Bhlditch, 1947 a) the results bemg calculated 
on the basis of normal straight-cham fatty acidity 
The analyses differed substantially and wlulst this 
may partly be due to the small amounts available 
for analysis, a more iihportant cause appeared from 
subsequent work to he m the presence of short cham 
dicarboxyhc acids and n octane-l-carboxyhc acid 
(produced as scission products of oxidation from 
oleoglycerides, the presence of which was not at 
first reahzed) The dicarboxyhc acids appeared m 
both the soluble and deposited portions durmg the 
lead salt separation, whereas the crystallization pro- 
cedure gave a more straightforward separation and 
was consequently employed for the other two 
analyses Details and results obtained by the alter- 
native lead-salt method of separation will not 
therefore be recorded here 

When the presence offlignificant proportions of 11 octane 1 

carboxyhc acid and also, apparently, dicarhosyho acids was 
appreciated, an attempt was made to identify these and also, 
by modifymg the ester fractionation procedure, to obtam an 
approsimate measure of the amounts present For this 

36 2 
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purpose the following methyl ester fractions were mixed and 
carefully refraotionated through the electncaUy heated and 
packed column from Porbandar rancid buffalo ghee — ester 
fractions from the steam-volatile acid group (saponification 
eqmv 134 9-182 3) and from the acids soluble m ether at 
-46° (sapomfioation eqmv 128 1-164 3), from Hosur 
rancid cow ghee — ester fractions from the steam volatile 
acid group (saponification eqmv 131 2-198 8) and from the 
acids soluble m ether at - 46° (saponification eqmv 
129 7-178 1) The boihng pomts (at about 0 2 mm pressure) 
rose steadily from 64 to 124°, but the eqmvalents of the 
fractions obtamed were, m order of moreasmg boihng pomt 
148 3, l63 6, 164 2, 169 4, 133 4, 119 8, 118 4, 131 8, 170 8, 
177 0, 201 0 and 243 3 It was evident that esters of dibasic 
acids were present (e g dimethyl azelate has boihng pomt 
140-1 41 °/9 mm ) These were therefore removed by washing 
the remixed free acids with hght petroleum, filtermg, and 
isolatmg any dissolved dibasic acids by coohng the monobasic 
acids several times m hght petroleum or ether solutions at 
temperatures down to - 20° FmaUy there were obtamed 
12 9 g of crude dibasic acids and 12 8 g of monobasic aoids 
The latter were re estenfied and fractionally distilled, and 
now showed no discontmmty m the sequence of saponifi 
cation eqmvalents which rose steadily as follows 162 1, 
169 1, 169 2, 180 8, 188 2, 198 1, 212 6, 230 1 and 284 4 The 
deter min ed figures for the acids present m this group of 
esters fractionated after removal of the dibasic acids, were 
n heptane 1 carboxyhc, 7 6, n octane 1 carboxyhc, 18 1, 
w nonane 1 carboxyhc, 22 6, launo, 29 6, mynstic, 8 8, 
palmi tic, 6 2 and st^no, 7 3 % (w/ w), whilst typical estimates 
of the total esters (mcludmg dicarboxyhc esters calculated 
as dimethyl azelate) present m two of the mixed esters were 
as foUowB n pentane 1 carboxyhc, 2 3, 0 8, n heptane 1- 
carboxyho, 14 0, 7 6, n octane 1 carboxyhc, 18 6, 19 9, 
azelaio, 29 8, 31 7, n nonane 1 carboxyhc, 22 8, 22 9, 
launc, 7 6, 8 3 , mynstio, 4 8, 8 9 , and pahrutic, 0 3 % (w/w) 
By orystalhzmg the crude dibasic acids (cf above) re 
peatedly from CHCls at room temperature they were ulti 
mately separated mto two firactions, (i) about 80 % of the 
crude acids, which now melted at 86-90° and had an eqmva- 
lent of 96 4 (azelaic acid 94 0), and (u) about 20 % of acids 
which melted at 106-108° and had an eqmvalent of 81 8 
It therefore appeared that the greater part of the dicar 
boxyho acids consisted of azelaic acid, COOH (CHj), COOH, 
but it IS possible that small proportions of dibasic acids of 
higher (7sebaoio) and lower mol wt than azelaic acid were 
also present amongst the products of rancidity 

The presence of w-ootane 1 carboxyhc acid was confirmed 
by its identification as the p tolmdide, this denvative being 
selected because of the oonvement discriminate melting 
pomts m this range of the homologous senes F or companson, 
thep tolmdides of authentic specimens of butyric, ?i-pentane 
n hexane , n-heptane , w-ootane and n nonane 1 carboxyhc 
acids were also prepared The sources of these acids were as 
follows butjTic and n hexane 1 carboxyhc acids were pur 
chased from commercial sources (eqmv 88 8 and 128 8, 
respectively) n Pentane and n octane 1 carboxyhc acids 
were prepared by oxidizing a concentrate of methyl oleate 
and hnoleate (lodme value 103 1) with KMuO^ m acetone, 
isolatmg by distillation m steam the monobasic acids 
formed, and distdhng the latter through a firactionatmg 
column when n pentane and « octane 1 carboxyhc acid 
fractions were obtamed m a state of pnnty (eqmv 116 0 and 
167 0, respectively) n-Heptane and n nonane 1 carboxyhc 
acids were obtamed from the respective methyl esters iso 
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lated by fractional distdlation of the mixed methyl' esters of 
coconut oil acids (eqmv 146 8 and 168 6, respectively) 

Table 3 p-Toluzdtdes of lower normal fatty acids 

Meltmg pomt of 

Equivalent of p tolmdide (°) 

aoid , '■ ,, 

! ^ Found Robertson 

Found Calc (present , * , 

Acid used work) (1908) (1919) 


n Butync 

88 8 

88 0 

74 5-75 5 

74 

76 

n Pentane-1- 
carboxyho 

116 0 

116 0 

71 6-72 6 
(nsmg) 

75 

73 

n Hexane I- 
oarboxyhc 

128 8 

130 0 

78 6-79 5 

80 

80 

n Heptane 1 
carboxyhc 

145 8 

144 0 

68 0-68 6 

67 

70 

n Octane 1 
carboxyhc 

167 6 

168 0 

83 0 

81 

84 

n Nonane 1- 
oarboxyho 

168 6 

172 0 

76 6-78 0 

80 

78 


The fatty acids (about 1 0 g ) were refluxed imder water 
condenser with 100% excess of SOGj for 1 hr , and excess 
reagent removed by gentle suction for 16 min 100 wl of 
dry ether were now added to the nuxtiire, 2 5 mol of p 
tolmdme mtroduced and washed m with a httle ether 
A bulky precipitate ofp tolmdme hydrochlonde immediately 
formed, the whole was vigorously refluxed for 2 hr, more 
ether bemg added if necessary The contents of the flask were 
washed with water and dilute HCl m a separatmg funnel, then 
with dilute KOH and finally with water The extracts were 
dried, filtered, the product refluxed m hot ethanol with 
ammal charcoal and crystallized firom pure methanol or 
ethanol Table 3 gives a Bnmmaiy of the properties of the 
p tolmdides prepared from the authentic acids The products 
were highly crystaUme compoimds, hut even after repeated 
crystallization still melted over a range of about 1-2°, this, 
however, is not a drawback for the present purpose smce the 
meltmg pomts of successive members are well apart The 
meltmg pomts compare well with those recorded earher m 
the hterature (Robertson, 1908, 1919) except for the u 
pentane 1 carboxyhc denvative which was available m 
quantities too small for further oiystalhzation, and was 
probably still impure The present startmg matenals were m 
general probably of greater pnnty than those available to 
Robertson (1908, 1919) 

From the ester fitictions obtamed after the removal of 
dibasic from monobasic acids (of col 1) two fractions were 
chosen for preparation of denvatives, their resjiective sapom 
fication eqmvalents bemg 169 2 and 188 9 (of methyl n 
octane 1-oarboxylate, 172, methyl n nonane 1 oarboxylate, 
186) The denvatives were obtamed m theoretical yield, and 
after three crystallizations finm ethanol, each gave highly 
crystaUme products meltmg at 83 0 and 74 6°, respectively, 
undepressed on mixin g with the correspondmg pure tolui 
dides and pomtmg unmistakably to the presence of n octane 
and n nonane 1 carboxyhc acids m the onginal fatty acids 

Another pomt of mterest was to study whether fatty acids 
of lower molecular weight than butync acid were produced 
dunng the course of oxidative rancidity This was mvesti 
gated by two methods first, by isolatmg the acids from the 
titrated soaps in the ether-extracted aqueous solution from 
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the Bteam distillate These soaps -were evaporated to dryness 
on a water bath and then on a sand bath at 160°, and finally 
kept in a desiccator until required for use They were then 
distilled with dry H3PO4 (preheated to 160° for 3 hr ), and 
the distillate stood over anhydrous NajSO^ for several days 
About 0 8 g of these acids was now fractionally distilled in 
a nucrofiiactionation apparatus and yielded fractions as 
follows 


Wt (g) 
Equiv 

Wt (g) 
Equiv 


0 0883 
68 3 

0 0379 
840 


0 0812 
64 2 
0 2200 
105 3 


0 0838 
86 0 

0 1803 
97 3 


0 0738 
83 1 


The first two fractions clearly contained acetic acid (eqmv 
60), the remamder had acid equivalents corresponding with 
butyric (88 0) or mixtures of this with n pentane l-carb 
oxyhc (116 0) aeid, the proportions of acetic butync are 
of the order 1 3 

The second method used was a chromatographic separation 
by the procedures of Martm L Synge (1941), Elsden (1946), 
and Rawseyfc Patterson (1946), employmg moist sUica gel as 
adsorbent and CHCl, containmg n butanol as eluent Two 
bands were obtamed with ease usmg a 1 % butanol CHClj 
eluent, and when this was followed by 6 % butanol CHClj, a 
third band also appeared, but tended to become diffuse as it 
moved down the column The sdica gel was therefore removed 
m zones, placed m water, and, after aeration to remove 
CHCl,, was gently steam distfiled, the distfilates titrated and 
calculated to acetic, butync and n-pentane 1 oarboxyho 
acids respectively, when the relative proportions by weight 
were found to be 2 6 3 This accords extremely well with 
the proportions 1 3 for acetic butync obtamed by the 
former method 

It should be pomted out, however, that these results do 


not demonstrate unequivocally that acetic acid is one of the 
products of a process of oxidative rancidity, since the 
quantities obsen^ed n ere so small that the possibibty that 
the acetic acid anses adventitiously (e g from traces of 
acetic esters still left m the ethanol used in the course of the 
work in spite of drastic punfication) must not be overlooked 

In the course of the above work, therefore, the 
following have been established (1) The discrepancy 
between the lead salt method of analysis and the 
low-temperature crystalhzation teclmique leading 
to the preferred use of the latter subsequently 
(11) The proof of the presence of dibasic acids, 
mainly azelaic, but xvith traces of both higher and 
lower homologues (111) The clear characterization of 
n octane- and n-nonane-l-carboxyhc acids by the 
preparation of their p-tolmdide derivatives, with the 
mcidental preparation of reference p-toluidides of 
several saturated fatty acids (iv) The presence of 
anetic acid (though perhaps of adventitious origin) 
m the free fatty acids, as demonstrated by fractional 
distillation and bj"- chromatograpluc separation 

DISCUSSION 

Table 4 shows the results of the analyses of the free 
fatty acids of the rancid ghees In the analyses of the 
Porbandar and Hosur samples it has been possible 
to make an approximate allowance for the n-octane- 
1 carboxyhc and dibasic (as azelaic) acids winch 
were shown to be present Unfortunately shortage 
of material prevented tins correction m the case of 
the Kirkee fatty acids 


Table 4 Gomipoaxtion of free fatly acids from rancid gliees 

Percentage (molar) 


Saturated 

Acetic 

Butync 

Caproic 

Capryho 

n Octane 1 carboxylic 

Capno 

Launo 

Mynstio 

Palmitio 

Steano 

Arachidic 

Azelaic 

Unsaturated 
Nonene 1 carboxylic 
Undecene 1 carboxybc 
Tndecene 1 carboxylic 
Pentadecene 1 carboxybc 
Oleic 

Unsaturated residues 


Percentage (w/w) 

f. 


Kirkee ({/) Porbandar ((7) Hosur (G) Kirkee ((7) Porbandar (G) 


Eqmvalent 
lodme value 


? 

06 

t 

? 


19 

10 9 

36 

40 

21 6 


76 

13 9 

46 

28 

20 8 


76 

97 

43 

62 

11 6 


67 

? 

61 

74 

? 


7 4 

47 

90 

98 

48 


99 

43 

30 

40 

37 


29 

46 

68 

4 1 

34 


6 7 

20 0 

16 4 

99 

13 6 


11 4 

31 

43 

1 3 

I 9 


29 

— 

— 

08 

— 



? 

94 

11 4 

? 


96 

08 

09 

07 

08 


1 1 

04 

13 

03 

03 


1 2 

1 8 

06 

10 

14 


0 6 

6 7 

91 

10 2 

46 


6 8 

3 6 

33 

6 1 

22 


2 2 

16 6 

17 8 

21 0 

96 


16 9 

iidues 

Kirkee 

224 7 

68 3 

Porbandar 

213 2 

63 9 

Hosur 

216 2 
69 3 



Hosur (G) 
? 

87 
46 
6 9 
90 

10 9 
38 
36 
74 
09 
06 

11 6 


08 

03 
08 
7 7 

4 1 
18 6 


II oumne 1 carboxybc and 

1 carboxybc and azelaic acids (Kirkee and Porbandar) 


G- Corrected for acetic (Porbandar only), n octane 
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The comparatively small amoimts of experimental 
material available, together with the complexity of 
the fatty acid mixtures and the comphcation mtro- 
duced by tlie presence of some dicarboxyhc acid, 
causes the figures m Table 4 to be only broadly 
mdicative m character Nevertheless, there is con- 
siderable general resemblance between the propor- 
tions of the various component acids, which are 
apparently largely mdependent of the more vadely 
variable nature of many of the acids m the tliree cor- 
respondmg origmal ghees (cf Achaya & Banerjee, 
1946) Thus, the Porbandar samples were buffalo 
ghees of very low Beichert (14-20) and lugh lodme 
(30-40) value, lugh stearic and low palrmtic acid 
content, m each of these respects differmg from the 
Kirkee samples The data m Table 4 thus suggest 
that the products of free acid and oxidative ranci^ty 
from all three ghees are much the same m type, 
especially the relative proportions of the lower 
saturated acids 

Characteristic features of these free acid fractions 
from the products of rancidity wluch merit some 
further notice are (i) the presence of 10-20 % of 
unsaturated, non -volatile residues of low eqmvalent 
(210-226) and low lodme number (50-60) which 
account for about half the unsaturation of the total 
free acids , (u) the presence of normal saturated acids 
from butyric to n-nonane-1 carboxylic m similar 
proportions (averagmg about 8 % m each case) , 
(m) the presence of n-octane-1-carboxylic and di- 
basic (mainly azelaic) acids, (iv) the presence of 
about 10 % of palmitic acid, and (v) the absence of 
oleic acid m any great quantity, and the presence of 
fragments of lower unsaturated acids of mdefimte 
structure 

(i) The unsaturated residues are clearly polymers 
of some kin d as evident from then low lodme values 
and equivalents and their lack of volatfiity even 
under extreme conditions The basis of these 
residues is evidently some product derived from 
oleic acid Farmer (1942) first demonstrated thdt 
atmospheric oxidation of the oleic glyceride begins 
with the formation of a hydroperoxide group, 
— CH(0 OH) CH CH — , which on further oxida- 
tion of the double bond forms short-cham fatty 
acids Inthe viewofHilditch (1947 b) the mechamsm 
tends to proceed m the followmg sequence loose 
attachment of oxygen at an ethenoid linkage, 
electromo displacements m the system thus pro- 
duced, leadmg to the loosemng of a hydrogen atom 
from an adjacent methylene group and the final 
formation of a hydroperoxide of the type shown 
above, the double bond havmg meantime shifted one 
step along the carbon framework These hydro- 
peroxides could conceivably pol 3 rmenze with ease to 
produce partly unsaturated polymers Moreover, 
the small percentage (up to 4) of hnoleic glycerides 
present m ghee probably acts as a starter for the 
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whole mechanism by the formation of highly reactive 
conjugated unsaturated products Polymenzation 
occurrmg to such a marked extent m a relatively 
saturated fat does not appear to have been recorded 
previously 

(u) and (ill) It was pointed out earher from a senes 
of observations that the lower saturated acids are 
probably produced largely from the oxidation of oleic 
glycerides The formation of roughly similar amounts 
of the acids is exphcable m terms of the above theory 
whereby the double bond apparently shifts during 
autoxidation one could conceivably contmue the 
process further along the carbon cham, and couple it 
with hpolysis at any stage, the observed presence, 
too, of acids probabty mono unsaturated, and of low 
molecular weight (calculated here as nonene , 
undecene 1-carhoxyhc acids, etc ) m amounts much 
larger than m the origmal butterfats would agam be 
possible on a similar hypothesis, wlule the production 
of azelaic acid (clearly much simple double bond 
scission occurs) and its higher and lower homologues 
would follow from hydrolysis of unsaturated inter 
mediate products The small amount of oleic acid in 
the free fatty acids hardly caUs for explanation smce 
it IS even more vulnerable to attack m the fi:ee form, 
if produced, than as a glyceride 

(iv) The presence of 10 % of palmitic acid can 
hardly be traced to oleic acid, for even though satura 
tion and cham shortenmg have been suggested m 
consequence of certam tn vivo experiments, these are 
very unlikely m the present instance to have occurred 
concurrentl 3 >^ with preponderatmg oxidation Clearly 
hpolysis of glycerides can occur to a certam extent 
even m a rendered (sterde) butterfat, probably from 
subsequent enzymic contammation durmg storage, 
but it IS apparent from the experiments now 
recorded that oxidation products predommate m the 
end products of rancidity 

FmaUy, the low saponification eqmvalents of the 
total free fatty acids (170-200) reveal that a con 
siderable error may be mtroduced when expressmg 
the free fatty acidity of ghee ‘as % oleic acid ’, as is 
often the case It is suggested that either the acid 
value, which is mdependent of the nature of the free 
acidity, be used, or else that a figure of, say, 200 be 
taken as approxunatmg to the average eqmvalent of 
the free acids normally produced durmg rancidity 

SUMMARY 

1 A study has been made of three characteristic 
sets of ghee (Indian butterfat), compnsmg about a 
dozen very similar samples m each, after mam- 
tenance m loosely corked bottles at temperatures 
between 16 and 20° over a period of 3 years 

2 Changes m the analytical constants were 
stnkmgly similar — mcreases m Beichert value, 
marked mcreases m Polenske and saponification 
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values, losses m lodme value, and rather erratic 
changes in refractive index 

3 ^Marked parallehsins between the alterations of 
the characteristics for any one sample suggested 
that these alterations proceed from a smgle general 
cause, most probably aerial oxidation Increases m 
acidity, m particular, exactly paralleled loss m 
lodme value for any particular batch of samples, 
Buggestmg an essentially oxidative mechanism pro- 
ducmg free acidity m butterfat as opposed to a 
mainly hpolytic one m butter 

4 The mixed free fatty acids from each batch 
of pooled rancid samples have been extracted 
thoroughly with ethanol and analyzed for component 
acids Important features were the presence of n- 
octane-1 carboxyhc acid to the extent of 7— 9 mol % 
(proved by the preparation of its p-tolmdide deriva- 
tive, a series of such derivatives from pure fatty 
acids bemg also mcidentally prepared for reference 
purposes) and of normal homologons saturated acids 
from butyric to n nonane -1 carboxyhc m roughly 
similar amounts, the, perhaps adventitious, pre- 
sence of acetic acid (as shown both by cliromato- 


graphic and direct fractionation methods) , the 
occurrence of azelaic acid, vnth traces of unidentified 
higher and lower homologous dicarboxyhc acids , the 
presence of about 10 % of palmitic acid, the absence 
of any great quantity of oleic acid, but the presence 
of fragments of micharacterized lower imsaturated 
acids m small amounts, and of non -volatile residues 
of low equivalent and low lodme value to the extent 
of 10-20 % (accountmg for nearly half of the total 
unsaturation) 

6 Most of the above features are considered to be 
explicable as resultmg from the autoxidation, pro- 
bably as a glyceride, of oleic acid by recently pro- 
posed mechanisms Poljunerization also emerges as 
an important feature of rancidrfication m these 
comparatively saturated fats Glyceride hpolysis 
also occurs, but to smaller extents than the two effects 
just enumerated 

I wish to express my thanks to Prof T P Hilditch, PUS, 
for mvaluable help durmg this mi estigation, and to the 
Gtovemment of Madras for a scholarship held diinng its 
progress 
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The Use of the Tyrosine Apodecarboxylase of Streptococcus faecalis R 
for the Estimation of Godecarboxylase 


By G H Si^OANTESTANL'EY, Department of Pharmacology, Umveravty of Oxford 

{Received 26 October 1948) 


The bacterial l lysme and l tjUGsme decarboxylases 
have been shown to contam a coenzyme known as 
codecarboxylase, this substance was found to be 
widely distributed m nature (Gale & Epps, 1944 a, b, 
Epps, 1944) Gale & Epps have used the apoenzyme 
of the L tjmosme decarboxylase of Streptococcus 
faecahs for the estimation of codecarboxjdase , the 
rate of decarboxylation of tyrosme was a function of 
the amount of codecarboxylase added, the apoen- 


zyme was prepared by the dissociation of the holo- 
enzyme A method of estimatmg codecarboxylase by 
means of tyrosme apodecarboxylase has also been 
described by Umbreit, Bellamy & Gunsalus (1946) 
They used, as source of apoenzyme, suspensions of 
freeze dried ceUs of Strep faecal^s R, winch had been 
grown m a vitamm Bg-free medium Such prepara- 
tions also contamed an enzyme system which formed 
codecarboxylase from pyridoxal and adenosmetn- 
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phosphoric acid (ATP) Therefore, m the presence of 
excess ATP the rate of decarboxylation of tyrosine 
was a function of the amount of pyridoxal added 
The present paper describes experiments m which 
acetone dried preparations of vitamm Bg-free cells of 
Strep faecalis R were used for the estimation of code- 
carboxylase m tissues In the course of this work, 
some new observations were made on the coenzyme- 
apoenzyme relationslup of the tyrosme decarboxylase 
system of Strep faecalie R 


IMETHODS 


The methods used were similar to those descnbed by Umbreit 
et al (1946) The preparation of mtaot and acetone dried 
cells of Strep faecalxs R has been described elsewhere 
(Sloane Stanley, 1949) CeUs grown in a vitamm Bg free 
medium contamed tyrosme apodecarboxylaae but no code 
carboxylase , they will be called deficient cells Cells groivn 
m the same medium but m the presence of pyndoxal con- 
tamed the enzyme saturated with codecarboxylase, they will 
be referred to as complete ceUs 

The manometnc procedure was smular to that already 
described (Sloane Stanley, 1949) Unless otherwise stated, 
the total flmd volume m each fiaak was 3 0 ml The side bulbs 
contamed 04ml ofa0 04ML tyrosme suspension The con- 
tents of the mam compartments differed with the type of cell 
preparation used, as shown m Table 1 The cell preparations 


Table 1 Contents of mam compartments of 
the manometer flaaks 


(a) 


(Total vol of fluid 2 6 ml ) 

(i) 


(c) 


Intact deficient oeUs 


Dned deficient ceUs Dned complete 
cells 

0 2 ml M Acetate 0 2 ml m Acetate 1 0 ml 0 076 m- 
buffer (pH 6 6) buffer (pH 5 6) Phthalate buffer 


1 0 mg CeUs 


10 mg Cells 


Source of codecar- 
boxylase 


(pH 6 0) 

0 6 ml Cell suspen- 
sion, from 3 ml 
medium 

Pvndoxal 


were always added last The bath temperature was 28 6° In 
experiments with acetone dried deficient cells and pyndoxal, 
0 1 mL of a sulphate free solution of ATP, containing 1 mg of 
the free acid, was added to each flask The calcium pyndoxal 
6 phosphate used m some of the experiments was kmdiy given 
by Dr K. Folkers, this substance will also be called synthetic 
codecarboxylase For the experiments with acetone dned 
cells, the gas phase was Ni, because it was found that the 
rate of decarboxylation of tyrosme was 26 % lower m air 
than m Nj On the other hand, air was used with mtaot cells 
as the rate of the reaction was the same m air as m N* The 
course of the reaction was followed by takmg readmgs every 
6 mm In some experiments the rate was low m the first few 
mmutes after tippmg, but subsequently moreased and 
became steady In every expenment the steady rate of 
evolution of CO- v as measured and assumed to represent the 
true enzymic activity of the system, it was expressed m pj 


of COj/hr , and IB represented by V The maximum value of V 
obtamed with any given preparation of deficient cells, m the 
presence of enough codecarboxylase to saturate the apo 
enzyme, is given as (Umbreit et al 1946), the value of 
was assumed to be a measure of the concentration of 
apodecarboxylase m the preparation 


RESULTS 


Estimation of codecarboxylase 

Acetone-dried deficient cells did not decarboxy 
late tyrosme at all m the absence of any source of 
codecarboxylase nor did the addition of ATP to these 
preparations, m the absence of pyridoxal, cause any 
decarboxylation Aqueous suspensions of these cells, 
stored m the refrigerator, retamed their full tyrosme 
apodecarboxjdase content for at least 24 lir 

Preparation of tissue suspensions At first, the procedure 
described by Bellamy, Gimsalus A Umbreit (1946) was used 
A weighed piece of tissue was homogenized m 0 lx NaOH, 
the mixture was heated for 6 mm m boilmg water and stored 
m the refrigerator Before each estimation some of the homo 
genate was acidified with N HCl to pH approx 6 6 Samples 
of the resultmg suspension were then added to manometer 
flasks, as shown m Table 1 (a) Under these conditions V 
was approximately proportional to the volume of tissue 
suspension used, up to a value about 60% of The 
relation between T and the amounts of tissue added was 
similar to that illustrated m Fig 2, curve Af 

It was found that the codecarboxylase m homogenates of 
tissue m 0 In NaOH was not stable, for instance, m one 
expenment, a homogenate of rat hver had lost 60 % of its 
ongmal codecarboxylase activity after 18 hr storage m the 
refingerator In borate buffers, however, the codecarboxylase 
activities of tissue homogenates were found to be more 
stable (Table 2) In another, similar expenment, a rat-hver 


Table 2 Effect of pH on stability of co 
decarboxylase in rat liver homogenates 


(Contents of manometer flasks as m Table 1 (a) , suspen 
Sion eqmvalent to 0 6 mg of rat hver (homogenized m 
distilled water, and samples heated m the solutions below, 
for 4 TTiin at 100°) added to each flask as source of code 


carboxylase ) 

Solution used for prepara- 
tion of homogenate (final 
cone ,01m) 

Borate (pH 8 0) 

Borate (pH 9 0) 

Borate (pH 10 0) 

NaOH 


Values of F(/J CO, /hr) 
after storage m refrigerator for 
/ X. — V 

0 hr 24 hr 72 hr 

120 130 100 

no 100 90 

no no 80 

no 80 40 


homogenate m 0 01 N NaOH lost its codecarboxylase 
activity even more rapidly In both these experiments, the 
loss of activity was least m the borate buffers of pH 8 and 9 , 
m all subsequent assays of codecarboxylase, therefore, the 
foUowmg method was adopted 

A weighed piece of tissue was homogenized m distilled 
water and4ml ofO 2611 borate buffer (pH 8 6)were added to 
each 6 mL of homogenate, the mixture was heated for 4 mm 
m bodmg water and stored m the refrigerator Before use. 
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a sample of this mixture was diluted with an equal volume of 
M acetate buffer of pH 6 6, the resulting suspension was 
diluted with a suitable volume of distilled water The pH of 

BuspenBionB thus prepared -was found to be 5 6 whenmeos^ 

■with the glass eleotrode The 0 26M-borate buffers used m 
these experiments were prepared from H3BO3 and NaOH 
m the proportions given by Cole (1933), but without 

KOI 

Tlie codecarboxylasQ m these horate-buffered. 
homogenates was found to be stable For instance, 
m one experiment, the eqmvalent of 1 mg of rat 
hver gave the foUowmg values of V immediately 
after preparation, 140, after 120 hr m the refrigera- 
tor, 150 


tions of acetone dried deficient cells synthetic code- 
carboxylase was a suitable standard for the estima- 
tion of codecarboxylase m tissues In these experi- 
ments, the amount of apoenzyme was kept constant 
and vaiymg amounts, either of rat hver (crosses. 
Fig 1) or of calcium pyridoxal-6 phosphate (circles, 
Fig 1) were added The rate of decarboxylation was 

the same when either 2 mg of rat hver or 0 03 pg 
of calcium pyndoxal-6-phosphate were added , Fig 1 
has, therefore, been drawn so that these two pomts 
comcide It will be seen that all the pomts for other 
values of V he on or very near the same curve, 
irrespective of whether the source of codecarboxylase 
was rat hver or calcium pyridoxal-5-phosphate 



I 


(a) 


Fig 1 Rates of decarboxylation of tyrosme by acetone dried vitamm Bg free ceUs of Strep faecalvs E, with varying 
amounts of natural and synthetic codecarboxylase +, rat hver suspension, O, calcium pyndoxal 5 phosphate, 
(a), X , pyndoxal (10 pg ) with ATP (1 mg ) 


Synthetic codecarboxylase was found to be 
unstable m distilled water, however, solutions m 
borate buffer, which had initially the same code- 
carboxylase activities as solutions m distilled water, 
were more stable F or instance, a solution of calcium 
pyndoxal-5-phosphate (0 1 pg /ml ) m distilled 
water lost 60 % of its activity m 48 hr at — 2°, but 
a Similar solution (0 16 pg /ml ) m 0 iM-borate 
buffer (pH 8 6) kept its full activity for 100 hr at 0° 
AH subsequent exjienments with synthetic code- 
carboxylase were therefore done with solutions m 
borate buffer 

Estimation of codecarboxylase with calcium pyn- 
doxal 5 phosphate as standard The experiments 
illustrated in Fig 1 showed that with our prepara- 


As a result of these experiments the foUowmg 
procedure was adopted for the estimation of code- 
carboxylase m tissues Determmations were earned 
out with at least two different volumes of tissue 
suspension, so chosen that the resultmg values of V 
were approximately proportional to the amounts of 
tissue used, the eqmvalent quantitites of calcium 
pyndoxal-5-phosphate were found from the cah- 
bration curve of the sample of cells used (e g Fig 1), 
and the mean of the results was taken as the concen- 
tration of codecarboxylase m tlie suspension 
Table 3 gives the results of the assay of tliree 
different rat hvers^ these results were obtamed with 
the sample of cells for which the calibration curve is 
given m Fig 1 The maximum enzymic activitv 



670 


G H SLOAJSTE-STANLEY 


1949 


of preparation did not change m six 
weeks, but others have been less stable With the 
small amoimts of codecarboxylase used m these 
assays, however, small decreases m the tyrosme 
apodecarboxjdase content of a sample of cells are of 
httle importance For instance, m an experiment 
with 1 mg of rat liver, V was 150 when 1 mg of 
cells was used, with 2 mg of cells, V was 180, 
therefore, doubhng the amount of apoenzyme had 
only mcreased V by 20 % With a constant quantity 
of apoenzjmie, V depends on the amount rather than 
on the concentration of codecarboxylase added m 
an experiment with 1 mg of cells and 0 02 [ig of 
calcium pyridoxal-6 phosphate, V was 240 when the 
volume of hqmd m the manometer flask was 3 ml , 
when the concentration of codecarboxylase was 
doubled by reducmg the volume to 1 5 ml , V in- 
creased by only 8 %, to 260 These results suggest 
that nearly all the added codecarboxylase combmed 
with the apoenzyme 

Table 3 EsUmahon of codecarboxylase in rat hver, 
vnth acetone-dned deficient cdls calibrated with 


calcium pyridoxal-b jihosphate 





Codecarboxylase 
content of liver 
(mpg calcium 

Ammal used as 

Amount of 

V 

pyndoxal 6 

source of hver* 

hver (mg ) 

(pi COj/hr ) phosphate/mg ) 

Deficient m 

06 

80 

11 0 

vitanun B, 

1 0 

160 

no 

Mean 11 0 

Control receiving 

05 

no 

16 0 

vitamm B, 

1 0 

196 

15 0 

Mean 16 5 

Control receivmg 

06 

130 

19 0 

vitanun Bj 

1 0 

210 

10 0 

Mean 17 6 


* See Blascliko, Garter, O’Bnen & Sloane Stanley (1048) 

Estimation of codecarboxylase with pyndoxal as 
standard Before synthetic codecarboxylase became 
availahle, assays were made usmg pyridoxal, with 
excess ATP as suggested by Umbreit et al (1946) 
The relation between V and amounts of pyndoxal 
added to the acetone dried deficient cells m the 
presence of ATP was similar to that reported by 
TJmbreit et al for freeze dried cells, but difficulties 
were encountered when attempts were made to 
express the codecarboxylase activities of tissues m 
terms of pyridoxal, for two reasons Fust, the curves 
obtamed by plottmg V agamst amounts of tissue 
suspension added to the cells could not be super 
imposed on those obtamed with pyndoxal m the 
presence of ATP It was found that F was nearly 
proportional to the volume of tissue suspension 
added up to a value of about 60 % of F^ , whereas 
F was proportional to the amount of pyndoxal 

\ 


added up to a value of only 25 % of yet the 
values of obtamed with tissue suspension and 
with pyndoxal were almost identical (Fig 2) 
Secondly, the relation between F and the amount of 
pyndoxal added to a given preparation of cells was 
not constant, but varied from one experiment to 
another , the result of the experiment described below 
suggests that this may have been due to the tune 
taken for the phosphorylation of added pyridoxal 
In this experiment, the manometer flasks were 
shaken m the bath for varymg tunes before the 
addition of the tyrosme to the mam compartments 
With 0 06 pg of pyndoxal, F mcreased more than 
threefold when the time of eqmlibration was m 
creased from 10 to 130 nun ,withl0pg of pyndoxal, 
the increase in F was less than 25 % 



Pyndoxal (/jg ) 

Fig 2 Rates ofdecarboxylationoftyrosme by acetone dried 

vitarmn B* free cells of Strep faecalis R, with varying 
amounts ofrat liver suspension (curved) and of pyndoxal 
in the presence of 1 mg ATP (curve £) as sources of 
codeoarboxylase 

Synthetic pyndoxal acetal 3 -phosphate was tested 
as a possible source of codecarboxylase, usmg 1 mg 
of acetone dried cells With 20 pg of pyridoxal 
acetal-3 -phosphate, F was about 30, with 20 pg of 
this substance plus 1 mg of ATP, F was about 60, 
with 0 01 pg of pyndoxal plus 1 mg of ATP, F was 
120, the value of F„„^ for this sample of cells, 
determined with 10 pg of pyndoxal plus ATP, was 
600 These results do not support the view that 
pyndoxal acetal- 3 phosphate has codecarboxylase 
activity , they suggest that the sample used may have 
contamed a trace of codecarboxylase and of pyndoxal 

Properties of the tyrosine decarboxylase system 

(a) Acetone dried deficient cells 

Effect of sulphate It was found that sulphate 
inhibited the decarboxylation of tyrosme by pro 
parations of acetone dried deficient cells m the 
presence of codecarboxylase (Table 4) The mlubition 
increased with moreasmg sulphate concentration, 
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when the amount of synthetic codecarboxylase 
added was kept constant and was almost enough 
to saturate the apoenzyme YTien the concen- 
tration of sulphate was kept constant, the mlnbition 
was most marked with small amounts of codecarb- 
oxylase, but very nearly disappeared with large 

Table 4 Effect of sulphate concentmtwn on the decarb- 
oxylation of tyrosine by acetone-dried deficient ceUs 

(Source of codecaxbosylase 0 01 yg calcium pyndoxal- 
5 phosphate ) 


Concentration 

V 

Inhibition 

of NajS 04 (u) 

(pi COJhr) 

(%) 

0 

665 

— 

3 3 X 10-^ 

536 

6 

1x10-= 

460 

19 

3 3 X 10-= 

300 

47 

1 X 10-= 

190 

66 

3 3 X 10-= 

100 

82 


the flask m winch sulphate was added from the side 
bulb together with the tyrosine at the moment of 
tippmg, the codecarboxylase had been m contact 
with the dried cell preparation for about 30 mm 
Under these conditions the addition of sulphate had 
an almost negligible effect 

Sulphate also mliibited the reaction m experiments 
m which pyridoxal and ATP were used as source of 
codecarboxjdase For instance, m an experiment m 
which 10 pg of pyridoxal were added, V was 500 m 
the absence of sulphate, m the presence of 0 033 m- 
sodium sulphate, V was 110 In another similar 
experiment the correspondmg figures were without 
sulphate, 680, with 0 0033M-sodium sulphate, 390 
Other salts Tables 7 and 8 give some results 
obtamed with other substances wluch were foimd to 
inhibit the reaction when acetone dried deficient 
cells were used Tlie experiments of Table 7 were 
done with s\mthetic codecarboxylase, those of 


Table 6 Effect of varying the amount of codecarboxy 
lase on the inhibition by sulphate of the decarboxy 
lation of tyrosine by acetone dried deficient cells 

(CkmcentratioE of Na^SO^, ) 


Table 7 Inhibition of tyrosine decarboxylase system 
in acetone-dned deficient ceUs by phthalate, phos- 
phate, and pyrophosphate 


Calcium (Source of codeoarboxylase 0 07 fig calcium pyndoxal 


pyndoxal 

F without 

F with 


6-pho3pbate ) 




5 phosphate 

sulphate 

sulphate 

Inhibition 



F without 


added (pg ) 

(pi COj/hr) 

(ph COj/hr ) 

(%) 


F with salt 

salt 

Inhibition 

0 025 

285 

76 

74 

Salt added 

(pi COj/hr ) (pi COj/hr ) 

(%) 

0 07 

620 

170 

67 

l0-=ii phthalate 

30 

600 

95 

02 

630 

375 

40 

buffer (pH. 6 6) 




07 

645 

690 

85 

3 3x10-=mKH,PO4 

290 

600 

62 

70 

716 

665 

86 

3 3 X lO-’M KHjPO^ 

480 

475 

0 





3 3 X 10-*M NajH.P,0, 

230 

455 

60 

amounts of codecarboxylase (Table 5) The degree of 

3 3 y 10-=M Na,H;PjO, 

, 490 

476 

0 


inlubition by sulphate depended on the order m 

which sulphate and synthetic codecarboxylase were Table 8 with pyridoxal and ATP It will be seen that 
added to the apoenzyme preparation (Table 6) In phthalate was a stronger inhibitor than sulphate, 

whereas phosphate and pyrophosphate had a much 
Tabled Inhibition by sulphate effect of varying weaker action Some chlorides were also tested 

order of addition of constituents of system NaCl, KCl and BaClj , each m a final concentration 

(Mam compartmente of manometer flasks contained a^ect the rate of decarboxylation 

acetone dned deficient cells and acetate buffer, as m tyrosine by 1 rag of acetone dried deficient cells 

Table l(o) Source of codecarboxylase 0 025 /xg "calcium the presence of 0 07 /ig of calcium pyndoxal-5- 

pyndoxal 6 phosphate (added m 0 26 ml ) Concentration P^iosphate 
of sulphate 10- =M, added as 0 3 ml 0 1 Ji-NajSOi Code 

carboxylase m mam compartment ) (b) Acetone-dned complete ceUs 


Manometer no 1 2 3 

Sulphate Not added In mam com- In side bulb 

partment 

V (fil COj/hr ) 285 76 265 


With complete cells, the inhibitory effects of the 
salts tested as described above were either absent or 
less marked There was no mhibition with sulphate, 
phosphate, or pyrophosphate With phthalate the 


Table 8 Effects of phthalate and phosphate imih 


Pyndoxal 
added (pg ) 

Salt added 

10 

2 5 X 10-= ir Phthalate 


buffer (pH 6 6) 

01 

3 3 X 10-= ir-Phthalate 

01 

buffer (pH 5 5) 

3 3xl0-»MKH5pO4 


acetone dned deficient cells, and pyndoxal and ATP 


F with salt 

V without salt 

Inhibition 

(pi co./hr) 

(pi OO./hr ) 

(%) 

180 

330 

45 

20 

170 

88 

100 

170 

41 
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degree of mlubition was only 22 % AH these sub- 
stances were tested m a final concentration of 
0 033m 

(c) Intact cells 

With intact deficient cells, substitution of 0 067 m- 
acetate buffer (pH 6 0) for the phthalate buffer 
normally used had no effect on the value of V Usmg 
mtact deficient ceUs m the same acetate buffer, the 
value of V was not affected by the addition of 

0 033M-sulphate, phosphate or pyrophosphate 

It was found that codecarboxylase did not restore 
the complete tyrosme decarboxylase system m mtact 
deficient cells Experiments were done with both 
synthetic and natural codecarboxylase For instance, 
the addition of 3 7 fig of calcium p 3 ndoxal- 6 - 
phosphate to a washed suspension of mtact deficient 
ceUs did not cause any significant decarboxylation of 
tyrosme ( F > 8 ) , j’^et V equaUed 430 m the same 
experiment when 10 /ig of pyridoxal were added In 
an experiment with rat hver suspension as source of 
codecarboxylase, the eqmvalent of 110 mg of rat 
hver was added to a sample of mtact deficient cells , 
this did not cause any decarboxylation of tyrosme 
(F=0), as compared with F=320 when 10 jig of 
pyndoxal were added The amount of codecarb- 
oxjdase m 1 10 mg of rat hver is eqmvalent to about 

1 65 fig ofcalciumpyndoxal- 6 -phosphate, which was 
more than enough to saturate the apoenzyme m 1 mg 
of an active sample of acetone-dried deficient cells 
(Fig 1) 

DISCUSSION 

DifSculties were encountered m the attempt to 
estimate codecarboxylase m terms of pyndoxal, 
usmg acetone dned preparations of Strep faecahs R 
The experiments described above suggest that this 
was mainly due to an impairment m such cells of the 
system which forms codecarboxylase from pyridoxal 
and ATP The difference between our results and 
those of Umbreit et al (1946) is probably explamed 
by our use of eicetone dned instead of freeze -dned 
cells It has been shown, however, that acetone-dried 
preparations of vitamm Bg free ceUs (deficient cells) 
permit the estimation of tissue codecarboxylase m 
terms of the synthetic substance, with a probable 
error of ± 10 % Our observations support the 
findmgs of Gunsalus & Umbreit (1947) that synthetic 
pyndoxal acetal-3-phosphate, which was claimed by 
Karrer & Viscontmi (1946) to be an active form of 
codecarboxydase, has m fact httle or no codecarb 
oxylase activity 

The finding that codecarboxylase is unstable m 
distiUed water agrees with observations of Umbreit 
etal (1945) Borate buffer (0 1 m, pH 8 6 ) has proved 
useful m preserving the codecarboxylase activities of 
solutions of both natural and synthetic codecarb- 
oxvlase Tliis effect of borate is of mterest smce there 
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IS evidence for the formation of a stable complex 
between borate and pyndoxme (Scudi, Bastedo L 
Webb, 1940) 

The experiments on the inhibitory action of 
sulphate on the tyrosme decarboxylase system 
suggest that sulphate has no effect on the complete 
tyrosme decarboxylase, but that it acts by preventmg 
the combmation of codecarboxylase with tyrosme 
apodecarboxylase This is supported by the obser 
vation that the inhibition occurred only with 
acetone dried deficient cells whatever the source of 
codecarboxylase used, whUe sulphate had no effect 
on acetone-dned complete cells The findmg that, 
with acetone dried deficient cells, the mhibitorj'^ 
effect of sulphate was most marked with small 
amounts of codecarboxylase but was smaU with large 
amounts of codecarboxylase, suggests that sulphate 
competes with codecarboxylase for the apoenzyme 
The findmg of sulphate inhibition is of practical 
importance m the estimation of Codecarboxylase m 
terms of pyridoxal m the presence of ATP, smce it 
makes it necessary to ensufe that the ATP solutions 
used are free of sulphate 

Our observations on the inhibitory effects of 
phosphate and phthalate are m agreement with 
those of Epps (1944) With mtact deficient cells, no 
inhibitory effect of sulphate, phthalate, phosphate or 
pyrophosphate on the decarboxylation of tyrosme m 
the presence of pyndoxal was observed 

It has been reported that m growmg cells of Strep 
faecahs R, synthetic codecarboxylase has no vitanun 
Bg activity (Rabmowitz & SneU, 1947) This is of 
mterest m view of the mabihty of mtact deficient 
cells to decarboxylate tyrosme m the presence of 
large amounts of codecarboxylase It seems that m 
the cells of Strep faecalts R the apoenzyme is in 
accessible to added codecarboxylase Our results 
suggest that mtact deficient cells of Strep faecahs R 
could be used to detect pyndoxal m the presence of 
codecarboxylase The absence of any decarboxylation 
of tyrosme when rat liver suspensions were used with 
mtact deficient cells shows that the pyridoxal content 
of the suspensions was neghgible 

SIBIMARY 

1 The use of acetone dried cells of Streptococcus 
faecalis R, grown m a vitamm Bg free medium, as a 
source of tyrosme apodecarboxylase for the esti 
mation of codecarboxylase, has been mvestigated 

2 Satisfactory assays of codecarboxylase m 
animal tissues can be made with such preparations, 
usmg calcium pyndoxal- 6 phosphate (synthetic 
codecarboxylase) as standard 

3 Solutions of both synthetic and natural code 
carboxylase m 0 1 M-borate buffer (pH 8 6) keep then: 
fuU mitial codecarboxylase activities for several days 
m the cold 
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4 With acetone dried deficient cell preparations, 
pyridoxal in the piresence of ATP is not a satisfactory 
standard This is probably due to the low activity 
of the pyridoxal-phosphorylatmg system m such 
preparations 

6 Sulphate, phthalate, phosphate and pyro- 
phosphate inhibit the decarboxylation of tjrrosme 
by acetone-dned deficient cells m the presence of 
small amounts of codecarboxylase, the inhibition 
by sulphate is reduced or abolished by an mcrease 
m the amount of codecarboxylase added Tliese sub- 
stances do not inhibit the decarboxylation of tyro- 
sme by mtact deficient cells m the presence of 
pyridoxal, with acetone dried preparations of cells 
grown m a medium contammg excess pyndoxal they 
have httle or no inhibitory effect The action of these 
salts IS, therefore, mterpreted not as an mlubition 


of the holoenzyme, but as an mterference with the 
reaction between codecarboxylaae and the apo- 
enzyme 

6 Vitannn Bg free intact cells of the orgamsm do 
not decarboxylate tyrosme m the presence of either 
synthetic or natural codecarboxylase 

I am indebted to Prof I C Gunsalns for a subculture of 
Strep /oecfllw E (A T C C 8043), to Dr K Folkers of Merck 
and Co Inc USA, for gifts of pyndoxal and calcium 
pyndoxal 6 phosphate, to Messrs Boots Pure Drug Co Ltd 
for a gift of ATP (banum salt), and to Messrs Boche Products 
Ltd for gifts of pyndoxalacetal 3 phosphate I wish to 
thank Prof J H Bum, P R S , for the hospitahty of this 
Department , I am grateful to Drs H Blaschko and D D 
Woods for much help and advice, and to the Medical 
Research Council for a studentship 
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A Quantitative Study of Complex Formation 
in Heated Protein Mixtures 

By a- KLECZKOWSBT, Rothamsted Experimental Station, Harpend&n, Herts 

[Received 18 November 1948) 


VTien protems are heated together under certam 
conditions, the heat denatured particles of different 
protems can combme to form complex aggregates 
Previous work on such complexes has been solely 
quahtative It has shown that complexes are 
formed (Kleczkowsla, 1946) and that they cau differ 
from them components m solubihty and precipi- 
tabihty by salts (Kleczkowski, 1041a), electropho- 
retic mobihty (Van der Scheer, Wyckoff & Clarke, 
1941), isoelectric pomt (Kleczkowski, 1946) and 
serological behaviour (Kleczkowski, 19416, Bawdeu 
& Kleczkowski, 1941, 1942a, 6), but there has been 
no quantitative work on them formation or pro- 
perties The present paper describes (i) the effect of 
varying the concentrations and ratios of the com- 
ponents m heated nuxtures on the constitution of the 
resultmg complexes, and (u), the effect of variations 
m the constitution of the complexes on them 
solubihty and serological behaviour 


MATERIALS AND METHODS 

The protemB used were tobacco mosaio virus (TMV), tomato 
bushy stunt virus (BSV) and human serum albumm The 
viruses were purified by the methods described by Bawden 
& Pine (1943) For convemence the beat-denatured vimses 
will be referred to as viruses, although they are non-mfective 
and heat denatured TMV has also lost its serological activity 
and its nucleic acid The albnnun was a crude nnfractionated 
preparation from human serum After removal of the globuhn 
by half saturation with (NH^ljSOj and filtration, the filtrate 
was saturated with the salt The precipitated albumm was 
coUeoted byfiltration, dissolvedmwaterand dialyzed agamst 
water Toluene was added as an antiseptic 
In all experiments designed to test the effect of heat, the 
protem solutions were made with m/16 phosphate buffer at 
pH 6 8 and heated m thm waUed test tubes immersed in 
a water bath Except when otherwise stated, the tune of 
heatmg was 10 mm and the temperature of the water hath 
83° Under these conditions, when heated alone, both vmusea 
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coagulate, whereas when they are heated m the presence of 
sufficient albumin, no coagulum separates 
The complexes formed between albumm and each of the 
viruses were isolated by precipitation with (NH 4 )aS 04 , which 
was used at concentrations msufficient to precipitate albumin 
after this protem had been heated alone The precipitates 
were sedimented by centnfugmg for 10 rmn at 6000 rev /mm 
and washed 3 times with 6 % (w/v) trichloroacetic acid Then- 
N, P and carbohydrate contents were estimated, and the 
relative colour mtensity given by them m the May &. Bose 
(1922) test for ti^-ptophan was determmed From these 
results the total protem and the ratio of the constituent 
protems m the complexes were obtamed N was estimated 
by the micro Kjeldahl method, and translated into protem 
by multiphcation by 6 4 P and carbohydrate were estimated 
colonmetncally (Edeczkowski, 1946) The colonmetnc test 
for tiyptophan differed m some respects from Bates’s (1937) 
modification of the May L Rose (1922) test The reagent 
(6 ml IwasaddedtoO 4 ml ofaprotemsolutionorsuspension, 
the mixture mcubated for 6 mm at 76° and then cooled, 
the mtensities of the blue colours formed by different protein 
preparations were compared m a colorimeter of Duboscq 
type (The reagent consisted of 25 ml of cone HCl + 0 5 ml 
of 6 % (w/v) p dimethylammobenzaldehyde m 10 % (w/v) 
HjSOj + 0 2 ml of 1 % (w/v) NaNO, The constituents were 
freshly mixed for each test ) 

RESULTS 

Aggregation of the albumin heated alone 

As a prelumnary to usmg precipitation with 
ammomum sulphate for isolating the complexes, the 
effect of heatmg on the albumm alone was studied 
It was fovmd that the precipitabihty of heated 
albumm by the salt depends on several factors such 
as the temperature and the duration of heating, the 
concentration of albumm durmg heatmg, the con- 
centration of alb umin after heatmg when the salt is 
added, and the lapse of time between addmg the salt 
and centnfugmg For the purpose of tliis work 
variation m the albumm concentration during 
heatmg was the most important of these factors, and 
its effect was studied m detail Fig 1 shows the 
effects of heatmg 1, 0 6and0 26 % albumm solutions 
After coolmg, the 1 and 0 6 % albumm solutions 
were diluted to four tunes and twice their volumes 
respectively with m/ 15 phosphate buffer at pH 6 8 
to brmg all the solutions to the same protem concen- 
tration Different amounts of saturated ammomum 
sulphate solution were added to different samples 
froih each solution The mixtures were kept for 
15 hr at room temperature, centrifuged for 10 mm 
at 6000 rev /mm and the amounts of sedimented 
protem were estimated These, expressed as per- 
centages of total albumm, are plotted m Fig 1 
against concentrations of ammomum sulphate, 
expressed as percentages of saturation 

It wdl be seen that the higher the concentration of 
the albumm durmg heatmg, the lower was the 
minimum concentration of the salt necessary to 
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produce precipitation and the greater was the 
amount precipitable by salt concentrations between 
31 and 60 % saturation On the other hand, at 60 % 
saturation, which precipitated only about 4 % of the 
unheated albumm, about 85 % of the total albumin 
was precipitated from all tliree heated solutions It 
seems that the proportion of albumm denatured bj' 
heat did not depend appreciablj’- on the albumin 
concentration durmg heating The 86 % of the total 
albumm wluch was rendered precipitable by 60% 
saturated ammomum sulphate probably consisted 
of fractions that denature rapidly at 83°, and the 
remainmg 15% (probably mainly glycoprotem) of 
fractions with lower denaturation rates or with 
solubilities not greatly affected by heat 


k 



Fig 1 Percentages of heated albumm precipitated bv 
different concentrations of ammomum sulphate •, 
Albumm heated in 1% solution, m 0 5% solution, 
© , m 0 26 % solution , O . values of 0 85p (p bemg obtamed 
from equation (1), for significance of I see text) 

Pedersen (1931) has sliown that when albumm 
solutions, ultracentnfugally homogeneous before 
heatmg, are heated imder conditions m wluch 
coagulation does not occur, they contam after 
heatmg, components with different sedimentation 
constants From theoretical considerations of the 
kmetics of aggregation it is to be expected that the 
lugher the concentration of a heated albumm 
solution, the greater will be the extent of aggrega- 
tion It seems likely that precipitability with 
ammomum sulphate at concentrations lower than 
60 %, at which aU the denatured albumm separates, 
depends on the extent to wluch the denatured 
protem molecules have aggregated Supportmg 
evidence for this assumption was obtamed from the 
results of an experiment m which the tliree heate 
albumm solutions were adjusted to a concentration 
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the other two cxirves through the whole 


of 0 25 % and centrifuged for 30 min at 40,000 
rev / min m an air-dnven angle centrifuge The 
pellets produced contamed 60, 40 and 20 % of the 
total protein from the solutions heated at 1, 0 5 and 
0 25 % albumin respectively, whereas no pellet was 
obtamed from an unheated solution of the albumm 
These proportions corresponded approximately with 
those of the amounts precipitated from the three 
solutions by 36% saturated ammomum sulphate 
(Fig 1) 

From Smoluchowski’s (1916, 1918) theory of 
aggregation m monodisperse colloidal solutions with 
approximately spherical particles, the formula (1) is 
derived for the proportion (p) of material composed 
of L and more primary particles, 


OD 

s 


tor 






on 
range 

From the results of fittmg the formula (1) to the 
curves m Fig 1 it can be concluded that only about 
half of the material was m the form of aggregates 
composed of at least five, three and two primary 
particles m the heated solutions contairung 1,0 6 and 
0 26 % albumm respectively, and m the 0 26 % 
albumm solution the proportion of material in 
aggregates contammg seven or more primary 
particles was neghgible Tlie aggregation did not, 
therefore, progress very far It can also be concluded 
that, because the value of e is of the order of 10"®, 
only one out of about 10® collisions resulted in 
permanent combmation (There are reasons to 
suppose that the value of e decreases rapidly with 
decreasmg temperature ) So many assumptions are 
mvolved, however, that these concVosions can only 


where a= 8e7ri?Di<o«, and R is the radius of the 
primary particle (m cm ), D is its diffusion constant 
(m cm */sec ), vo is the original number of primary 
particles m umt volume (ml ), t is the length of tune 
of aggregation (m sec ) and e is the fraction of 
collisions resulting m permanent combmation 

The results shown m Fig 1 fit formula (1) if three 
assumptions are made first, that the 86% of 
albumin denatured rapidly, so that durmg most of 
the 10 mm heatmg at 83° only aggregation was 
occurrmg, secondly, that aU the heat denatured 
albumm molecules were of approximately the same 
size and equally likely to aggregate, thirdly, that 
the amounts of albumm precipitated from the three 
heated solutions by a given concentration of 
ammomum sulphate were at least roughly equal to 
the amounts of albumm which existed m the form of 
aggregates composed of at least ^ primary particles 
Different values of L would then correspond with 
different concentrations of the salt Tl^ can bo 
assumed m spite of the fact that, whereas k takes 
only mtegral values, the amount of precipitated 
albumm is a contmuous ftmction of the concentra- 
tion of ammomum sulphate 

The value of e wdl be expected to be low because 
heat denatured albumm molecules remam charged 
at pH 6 8 AU the values deter mining a, except vg, 
are constant, so that the value of a is proportional to 
the concentration of heated albumm solutions 
The value of a for one albumm concentration was 
so chosen that when, for one chosen value of I, the 
value of p was fitted to the curi'^e m Fig 1, the value 
ofp for another albumm concentration fitted to the 
correspondmg pomt of the other curve Thus the 
\ alues taken for a were 0 7,14 and 2, 8 for 0 25, 
0 6 and 1 % albumm solutions respectively It will 
be seen from Fig 1 that when the values of p, corre- 
spondmg to different values of k, were made to fit 
to the cun-e for one of the albumm concentrations, 
the other two values fitted correspondmg pomts 


be considered as tentative 

Bstimationa of the ratios of the constituents 
in the complexes 

Three solutions were heated A, 0 042 % TMV and 
0 26% albumm, B, 0 042%BSV and 0 26% 
alb umin , O, 0 26 % albumm Each was then divided 
mto samples (4 ml ) which were mixed "With varymg 
amounts of saturated ammomum sulphate solution 
The mixtures, and samples conta mmg no ammomum 
sulphate, were kept for 24 hr at room temperature 
and then centrifuged for 10 mm at 6000 rev /mm 
Control solutions of the two viruses heated alone 
at a concentration of 0 042 % coagulated completely 
and were sedimented by centrifugation without 
addmg ammomum sulphate The coagula from 4 ml 
samples from the solutions of TMV and BSV con- 
tamed 1 6 and 1 7 mg of protem respectively The 
coagulum obtamed from the solution of TMV was 
free from nucleic acid, as it contamed neither 
phosphorus nor carbohydrate The coagulum from 
the solution of BSV, on the other hand, contamed 
nucleic acid and had 1 3 % phosphorus and 6 % 
carbohydrate 

The presence of 0 26 % albumin protected TMV 
from coagulation, and partially protected BSV 
Wlien solution B was left undisturbed after heatmg, 
a coagulum separated, but it formed much more 
slowly and was much leas than m a control solution 
of the virus heated alone 

Fig 2 shows that some protem was sedimented 
from solutions A and B by centrifugation for 10 mm 
at 6000 rev /mm m the absence of ammomum 
sulphate, and progressively more was sedimented 
with mcreasmg amounts of the salt up to 33% 
saturation Nothmg was sedimented from the 
solution of albumm heated alone until the concen- 
tration of the salt exceeded 33 % saturation 
All the virus was precipitated from solutions A and 
when the amraonium sulphate concentration 
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reached 33 % saturation With BSV this was shown 
by estimation of phosphorus, which constitutes 1 3 % 
of the VITUS and only about 0 01 % of the albumin 
Thus solution B contamed 0 022 mg of vmis 
phosphorus/4 ml and only about 0 001 mg of 
albumm phosphorus/4 ml The total amount of 
protem m the precipitate w£is 4 6 mg with a 
phosphorus content of 0 023 mg , so that the whole 
of the virus (17 mg ) must have been m the pre- 
cipitate Thus 2 8 mg of albumm was combmed mto 
a complex with the virus 


0 25 28 33 36 40 50 

1 1 i 1 1 [ 1 1 
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Saturation with (NH,) 3 SO,(%) 

Fig 2 Precipitating proteins by ammonium sulphate from 
heated solutions containing TMV, BSV and albumm 
The ordmates show the mcrements m the amounts of 
precipitated protem correspondmg to the mcrements m 
the concentration of ammomum sulphate shown by the 
abscissae They were obtamed by snbtractmg the amount 
of protem precipitated at a given concentration of the 
salt from the amount precipitated at the next higher 
concentration A, 0 042% TMV and 0 26% albumm, 
B, 0 042% BSV and 0 26% albumm, C, 0 26% albumm 

The content of TMV m the precipitate obtamed 
from solution A by 33 % saturated ammomum 
sulphate was estimated colonmetncally by the May 
& Rose (1922) test for tryptophan, m which TMV 
gi\ es four tunes the colour given bj’' an equal weight 
of albumm The possibihty of an albumm fraction, 
with a cliromogenic power different from the average. 


participatmg preferentially m the complex forma 
tion could be excluded It can be seen from Fig 2 
that it IS the fraction of heated albumm precipitable 
between 33 and 36% saturation with ammonium 
sulphate which contributed mamly to the complex 
formation This fiwition was found to have the same 
chromogemc power as the remammg albumm 
The total amount of protem precipitated by 
33% saturated ammomum sulphate from heated 
solution A was 7 86 mg , wluch was eqmvalent m 
its chromogemc power to 3 2 mg of TVM Ex 
pressing the amount of virus m the precipitate as 
X, x-p(7 86-x)/4=3 2, so that a;=l 65mg, le all 
the xirus protem was m the precipitate, and so the 
complex contamed 6 2 mg of albumm 

From these results it follows that the albumm/virus 


ratios m the complexes were 3 9 and 1 66 with TSV 
and BSV, respectively However, the fact that the 
complexes can be fractionated (Fig 2) suggests that 
the ratio of the constituents m smgle aggregates of 
the complexes may have varied considerably, so that 
the ratios should be taken as averages for the two 
complexes 

The phosphorus content of TM^^ present m 4 ml 
of the solution A was about 0 009 mg , whereas 
only a trace of phosphorus (about 0 001 mg ) could 
be detected m the precipitate obtamed by 33% 
saturation with ammomum sulphate This can he 
attributed to the albumm present m the precipitate, 
as can the 0 06 mg of carbohydrate found there (the 
carbohydrate content of the albumm is approx 
0 9%) Thus the heat denatured protem of the xurus, 
which had formed a complex with heat-denatured 
albumm, did not contam any appreciable quantitj^ 
of nucleic acid The albumm, by formmg a complex 
with the heat denatured mrus, can protect it from 
coagulation, but not from loss of nucleic acid 
Similarly, it does not protect it from the loss of its 
abdity to react with antibodies to the virus 

Bawden & Bdeczkowsla (1941, mZa) showed that 
proteins such as BSV, which can be denatured by 
heat without losmg their abdity to react with their 
antibodies, if combmed during heating mto com 
plexes with enough serum albumm, are not pre 
cipitated by their antibodies They still combine 
with them, however, and can specificaUy inhibit the 
precipitation of imchanged antigens By contrast, 
complexes formed durmg heatmg between serum 
albumm and TJilV, which loses its serological activity 
during early stages of heat denaturation, do not 
inhibit precipitation of unchanged TMV Tim has 
been confirmed with complexes formed urmg 
10 mm heatmg at 80 or 83° m mixtures wVh 
albumm/nVH^ ratios varjungfrom 6 1 to lo 1 Ro 
combmation between the complexes and virus anti- 
bodies occurred to any extent demonstrable eit er 
by precipitation or by specific inhibition of pre- 
cipitation of unchanged virus 
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The denflturationrate of TIMV does not seem to be 
influenced by the presence of the albumm Tins 
conflicts with the earher statement (Bawden & Kiecz- 
kowski, 1941) that addition of serum albumin 
protects TMV from the loss of serological actmty 
and infectmty durmg heatmg Tlie solutions used 
m the previous work were made m 0 9 % sodium 
chloride and were rmbuffered, and unnoticed 
differences m the pH between vnus -albumm mixtures 
and solutions of the virus alone probably explam the 
apparent protection In tins work, with all the 

solutions contamingM/ 16 phosphate buffer at pH 6 8, 

no differences m serological activities have been 
lound between heated virus albumm mixtures and 
solutions of the virus heated alone At 83 or 80'*, 
denaturation of TMV at pH 6 8 is so rapid that no 
comparisons can be made, but comparison is possible 
at 77° Heatmg at 77° for vaiymg lengths of time 
caused equal decreases m the precipitm titres, with 
an antiserum to T1\H'', m solutions of the virus alone 
and m those contammg virus and albumm Tins was 
so m spite of the fact that virus albumm mixtures 
remamed clear, whereas coagula appeared m the 
solutions of the inrus alone 

The effects of varying the ratio of the components 
in heated mixtures 

The complexes were isolated by precipitation with 
ammomum sulphate used at concentrations m- 
sufficient to precipitate control solutions of albumm 



Fig 3 Albiunin/virus ratios m complexes formed m heated 
solutions contammg the wms at constant concentration 
to 04 %) and albumm m varymg concentrations , •, com- 
plexes between TSIV and albumm , O . complexes between 
BSV and albumm 

heated alone, and tests were made to ensure that ail 
the virus was m the isolated complex Fig 3 shows 
the ratios of albumm to xttus m the complexes formed 
m heated mixtures m which the nrus concentration 
was kept constant at 0 04 % and that of the albumm 
Biochem 1949, 44 


varied The method of isolating the complexes worked 
satisfactorily with the TMV-albumm mixtures over 
the whole range of the ratios shown With BSV- 
alburmn mixtures, however, it was satisfactory only 
until the albumm/nrus ratio in the mixture reached 
8 At ratios higher than 8 the complexes were not 
precipitated by ammonium sulphate imtil the salt 
concentration was raised to the level at which control 
albumm solutions also precipitated Within the range 
tested, an increase m albumm/virus ratio m the 
heated mixture corresponded with a slightly more 
than proportional increase of the ratio m the com- 
plex formed Tluis, as the concentration of the 
albumm mcreased, so did the proportion of it com- 
bmed with the xurus into the complex (see Fig 4) 



Fig 4 Percentages of albumm combmed into complexes 
with the virus m heated solutions contammg the virus at 
constant concentration (0 04%) and albumm in varymg 
concentrations, •, 0» BSV 

Figs 3 and 4 also show that under similar con- 
ditions the amount of albumm combinmg with TMV 
was about 2 4 times that combmmg with BSV The 
same amount of albumm combmed with both viruses 
when the albinnm/virus ratio m the heated mixture 
was about twice as great with BSV as with TMV 
Similarly, when the two viruses were m equal con- 
centrations, the mmunum concentration of albumm 
necessary to protect BSV from heat coagulation was 
about twice as great as that necessary to protect 
TMV For example, to protect 0 04 % BSV at least 
0 3 % albumm had to be present, whereas with 
0 04 % TMV 0 16 % albumm was suffieient Under 
these conditions, the albumm/virus ratio m both 
complexes was about 1 8 and this ratio in the complex 
seems to be the mmimum necessary to prevent heat 
coagulation of either virus 
When the albumm concentration m heated 
mixtures was kept constant and that of the vims 
vaned, an mcrease m virus concentration was 
Mcompamed by a shghtly less than proportional 
decrease m the albumm/virua ratio m the complex 

37 



578 


A KLECZKOWSKI 


1949 


(Table 1) From this, and from the results shown m 
Figs 3 and 4, it can he deduced that, if the ratio of 
the components m heated mixtures is kept constant 
but the concentration is varied, the albumm/virus 
ratio m the complex should mcrease with the mcrease 
m the concentration This was directly shown 
experimentally hs described m the next section 

Table 1 Effect of variation in virus concentration 
on the albumin/mrus ratio in the complex 

Composition of heated 
mixtures 


Albumm/virus Albumm/vims 


TMV 

BSV 

Albumm 

ratios m the 

ratios m the 

(%) 

(%) 

(%) 

heated mixtures 

complexes 

0 04 

Nil 

06 

12 6 

90 

0 08 

Nil 

06 

625 

46 

m 

0 04 

06 

12 6 

3 8* 

Nil 

0 08 

06 

626 

22 


* Value obtamed by extrapolation m Fig 3 


The effect of simultaneous variation in the 
concentrations of both components 
m healed mixtures 

Fig 6 shows the albumm/TMV ratios m the 
complexes formed m solutions containmg both com 
ponents at a constant ratio of 6 1 but at var 3 ung 



Total protein concentration (%), 
In heated mixtures 


Fig 6 The effect of total protem concentration m mixtures 
of albumm with TMV, at a constant ratio of the 00 m 
ponents (6 1), on the albumm/vmis ratios m complexes 
formed durmg heatmg for 10 Tmo at 80° 

concentrations, and heated for 10 rmn at 80^ It 
wall be seen that as the total protem concentration 
increased, so did the alburmn/inrus ratio m the 
complex Withm the range tested, when the protem 


concentration mcreased geometrically, the ratio 
mcreased arithmetically 

Table 2 shows a comparison of the albumm/vmis 
ratios m complexes formed by albumm with TMI’^ 
and BSV, when the mixtures were heated at a con 
stant ratio of the components but at two different 
concentrations The ratio m the complexes formed 
with BSV depends on the total protem concentration 
as it does with TMV, although under the same con 
ditions the ratios with BSV are smaller than those 
with TMV Table 2 also shows that the ratios mcrease 
with mcrease m temperature 

Table 2 Effect of total protein concentration on the 
ratio of the component proteins in the complexes 

Albumm/virus ratios 

Composition of heated mixtures m the complexes 


TMV 

BSV 

Albumin 

10 mm 

10 nun 

(%) 

(%) 

(%> 

at 80° 

at 83° 

004 

Nil 

0 26 

1 7 

37 

0 08 

Nil 

06 

20 

46 

Nil 

004 

0 25 

— 

16 

Nil 

0 08 

06 

— 

20 


Changes m the ratio of protem components m 
complexes, resultmg from changes m protem con 
centration, canaccountfor an apparently paradoxical 
phenomenon occasionally observed when protein 
mixtures are heated at different dilutions Dilution, 
with lomc strength and pH kept constant, is one 
method of preventmg coagulation of heated protem 
solutions, as the formation of large aggregates of 
prptem particles is prevented Occasionally, bow 
ever, dilution before heatmg leads to coagulation 
during the heatmg An example is shown m Table 3, 

Table 3 Effect of total protein concentration m 
mixtures of BSV with albumin on stability of heat 
denatured virus 

Concentration 
of constituents 
m heated 
mixtures 

A Albumm/virns 

BSV Albumm Appearance of the fluids ratio m the 
(%} (%) after heatmg complexes 

0 08 0 5 Opalescent but transparent 2 0 

and stable 

0 04 0 26 Small floccules settling 1 6 

slowly 

0 02 0 125 Large floccules settlmg 1 2 

rapidly 

where an undiluted solution containmg 0 08 % BSV 
and 0 6 % albumm did not coagulate after heatmg, 
but did if diluted twice or four times before heatmg 
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When the albvumn/vinis ratio m the complex formed 
during heatmg was 2 0, the virus, at a concentration 
of 0 08 % , was protected from coagulation WTien, 
hecause of dilutmg the mixture before heatmg, the 
ratio feu to 16 and 1 2, there was not enough 
albumm combmed with the virus to prevent its 
coagulation, although the virus concentration fell to 
0 04 and 0 02%, respectively 
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DISCUSSION 

This work was hmited to complexes formed during 
heat denaturation between pairs of protems, one of 
which when heated alone becomes insoluble while 
the other remains soluble The ratio of the amount 
of the former to that of the latter m heated mixtures 
was limited to values less than 1 Of the factors 
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Table 4 Ejfect of concentration of heated albumin BSV mixtures 
on serological properties of the complex 

(No coagulation appeared m any of the heated solutions After cooling they were diluted (m saline) to bnng the vmis 
concentration to the values indicated Precipitin test 1 ml of an antiserum to the virus at a dilution of 1/600 was added 
to 1 ml of antigen solutions at various concentrations, and the mixtures placed in a water bath at 60°, + signs indicate 
the degree of precipitation, - signs indicate no precipitation where the test for mhibition was not made Test for inhibition 
0 1 ml of 0 05% solution of unheated virus was added to the tubes where there was no precipitation after 3 hr incubation, 
« mdicates mhibition (no precipitation) , 0 mdicates no inhibition (precipitation) ) 

Concentration of 
constituents m heated 

mixtures Precipitin test 



* 

Albumm/vmis 
ratios m the 
complexes 


Vims nonoentration (it /1 001 1 



BSV 

(%) 

\ 

Albumm 

(%) 



A 

\0 - / 



10 

6 

26 

1 25 

0 626 

0 312 

(>•08 

10 

4 4* 

t 

X 

% 

t 

0 

0 

0 04 

06 

3 7* 

0 

0 

0 

0 

0 

0 

0 02 

0 26 

30 

+ -1- 

+ 

0 

0 

0 

0 

0 01 

0126 

23 

-t- + + 

+ + + 

-t + 

+ 

- 

- 

0 005 

0 0625 

16* 


"V "f + 

-f + 


± 

• _ 

Unheated virus (control) 


+ + + 

H — h + 



± 

- 


* Values obtamed by extrapolation from results of other experiments 


The decrease m the albumm/BSV ratio m the 
complex, resultmg from reduced protem concentra- 
tion, IS also reflected m serological reactions of the 
complex with antibodies to the virus The results of 
an experiment described m Table 4 show that when 
a solution contammg 0 08 % BSV and 1 % albumm 
was heated, a complex was formed which contamed 
over four times as much albumm as virus The 
complex did not precipitate with virus antiserum 
and it inhibited precipitation of subsequently added 
unheated virus When the concentration of the 
xmrus albumm mixture was reduced by half before 
heatmg, the complex with albumm/virus ratio 3 7 
gave no precipitate with the antiserum, and showed 
no mhibitmg power When the concentration of the 
Virus albumm mixture was still further reduced 
before heatmg, the ratio fell stiU further and, although 
there was stiU enough albumm m the complex to 
prevent coagulation, there was not enough to 
prevent precipitation with the antiserum to the 
nrus This agrees with previous work (Efleczkowski, 
1941b) which has shown that formation of non- 
precipitatmg and inhibiting complexes between 
antibodies and other serum protems m heated anti- 
sera can be prevented by mcreasmg the dilution of 
the antisera m sahne before heatmg 


hkely to affect the composition and properties of 
complexes only venations m the concentration and 
m the ratio of the components m heated mixtures 
were studied 

The conclusions reached here can be expected to 
apply m general trends to similar protem systems, 
1 e to pairs of protems, one of which when treated 
alone becomes insoluble, whereas the other remains 
soluble, e g a serum globulm and a serum albumm 
Numencal relationships true of one system are 
obviously mapphcable to another For example, 
these differed m TMV albumm and BSV -albumm 
systems, where complexes with different ratios of the 
components were formed under similar conditions 
The general trends, however, were similar, for 
variations m the ratio and m the concentration of the 
components of the heated mixtures changed the 
ratios of the components m the complexes similarly 
m both systems 

A number of other factors, not studiedm this work, 
are hkely to influence the composition and pro 
pertias of complexes formed betweenpaus of different 
protems durmg heat denaturation Among these are 
variations m the pH and m the character and con- 
centration of salts present m heated solutions, it is 
known that complexes are not formed to any 

37-2 
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appreciable extent m salt-free solutions, and that 
there is an interaction between the pH and the 
character and concentration of salts (Kleczkowsla, 
1943) 

If the conclusions about the extent of aggregation 
of the albumin heated alone, deduced from the 
curves of precipitabdity by ammomum sulphate 
witli the help of Smoluchowski’s theory of aggrega- 
tion (see Fig 1), are at least approximately true, 
heat denatured albumin molecules combine with 
heat-denatured virus particles much faster than 
among themselves For example, m the heated 
0 26 % albumm solution about 60, 30 and 20 % of 
the albnmm existed as aggregates of at least two, 
three and four molecules respectively, and almost 
none as aggregates of seven or more molecules By 
contrast, when mixtuibs contammg 0 26 % of the 
albumm and 0 042 % of 73rV or BSV were heated 
under the same conditions, about 60 and 26 % of the 
albumm formed a complex with TMV and BSV 
respectively Particles of BSV are approximately 
spherical and equal m size, and there is no reason to 
suspect that they break mto fragments during heat 
denatnration Assuming that the weight of a particle 
of BSV, m terms of molecular weight, is 7 x 10®, and 
that of the albumm molecule is 7 x 10*, then the 26 % 
of the albumm would be oombmed mto a complex 
with BSV with an average of 160 albumm molecules 
to one virus particle Similar reasonmg cannot be 
apphed to TMV, the particles of which vary m size 
very considerably and imdergo much greater changes 
durmg heat denaturation than do BSV particles It 
IS probable, however, that an average number of 
albumm molecules/virus particle m the albumm - 
TMV complex was even higher, perhaps 10 times, 
than that m the albumm BSV complex (For 
example, the ratio of 2000 1 would be obtamed, if 
the average weight of TMV particles m the pre- 
paration used were taken as 6 x 10'^, and if it were 
further assumed that tins was unaltered by heat 
denaturation ) 

Two reasons can be given for aggregation of 
albumm molecules pr oceedmg much faster with virus 
particles than among themselves First, the pro 
portion of collisions resultmg m permanent combma- 
tion may be higher m those between albumm 
molecules and nrus particles than m those between 
albumm molecules themselves Secondly, Wiegner 
(1911) and Galecki (1912) have shown that, m 
colloidal solutions containing particles of consider- 
ably di ff erent sizes, particles of greater sizes function 
as nuclei of aggregation for particles of smaller sizes 
This IS so because the probabdity of a coUision 
between two particles, subjected to Browman move- 
ment, IS greater when they are of greatly different 
sizes than when they are of equal or not greatly 
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different sizes (see Muller, 1928) The probability of 
a collision between two particles of the same size is 
mdependent of the size, and, when the sizes are not 
equal, it is mcreased by the factor 

(F, + H,)= » 

’ 

where and i ?2 are the radu (m any umts) of the two 
particles, both assumed to be spherical Thus, if heat 
denatured albumm molecules and BSV particles are 
assumed to be approximately spherical and of the 
weights given above, the probability of a collision 
between an albumm molecule and a virus particle 
would be 1 7 times greater than between two albumin 
molecules or two virus particles The probabihty of 
a collision of an albumm molecule with an ‘average ’ 
particle of heat denatured TMV is probably greater 
than with a particle of BSV 

SUMMARY 

1 The ratios of the constituent proteins m com 
plexes formed by human-serum albumm with 
tobacco mosaic virus and with tomato bushy stunt 
virus durmg heat denaturation m solutions con 
tainmg m/ 16 phosphate buffer pH 6 8, were studied 

2 When heated alone both viruses coagulate, 
whereas the albumm does not, although it aggregates 
mcreasmgly with mcreasmg concentration When 
the alb nmin /vinis ratio m the complex is 1 8 or 
higher, the complex forms a stable solution All the 
virus and only part of the albumm participate m the 
formation of such a complex 

3 Heat-denatured tobacco mosaic virus, com 
bmed with albumm, contains no nucleic acid and has 
no serological activity, whereas the complex of bushy 
stunt virus retains both When the albumm/bushy 
stunt virus ratio m the complex is over 3, the complex 
IS not precipitable by virus antibodies although it 
combmes wath them 

4 At a constant virus concentration the albu 
nun/virus ratios m the complex mcrease with 
mcreasmg concentration of alb umm , the ratios 
decrease with mcreasmg virus concentration when 
the albumm concentration is kept constimt, the 
ratios mcrease with mcreasmg total protem con- 
centration when the proportion of the constituents 
remains constant, and with mcreasmg temperature 
when all other conditions are constant 

6 Under similar conditions about 2 4 times as 
much albumm combmes mto a complex with heat 
denatured tobacco mosaic virus as with bushy stimt 
virus 

6 Heat denatured albumin molecules aggregate 
more rapidly with particles of heat denatured viruses 
than with one another 
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Nitrogenous Excretion in Ghelonian Reptiles 

By VIVIEN MOYLE, Evochertncal Laboratory, Ganibndye and University GoUege, London 

{Received 1 December 19^8) 


It seems to be well established that, durmg the 
course of evolution, the migration of emimals from 
aquatic to terrestrial environments has been at least 
partially dependent upon their abihty to detoxicate 
the ammoma ansmg from the a-aimno mtrogen of 
the food proteins (Baldwm, 1948) Among verte- 
brates, detoxication is usually accomplished by the 
formation of either urea or uric acid Ereotehsm 
occurs m the Amphibia and Mammaha, and 
uricotehsm m the Sauropsida (snakes, hzards and 
birds) 

The nitrogenous excretion of the Cheloman 
reptiles (tortoises and turtles) has not hitherto been 
systematically studied, and such data as are available 
are often contradictory Magnus & Muller (1836) 
found evidence for the presence of urea m the urme 
of Testudo nigrita {nigra), while Schiff (1826) and 
Marchand (1846) similarly demonstrated the presence 
of urea m the urme of T denticulata {tabulata) Both 
of these species are land dwellers Several workers 
have studied T graeca, another terrestrial form, 
Clementi (1929) statmg that 90% of the excreted 
mtrogen is m the form of urea, an observation which 
18 substantially supported by the results of Dnlhon 
& Marcoux (1942) Munzel (1938), on the other hand, 
found that uric acid and urea were both produced m 
tlus species, the former predommatmg He also 
analyzed the urme of the semi-aquatic species, Bniys 
orbicularis {europaea) and found that the mam 
execretory product was urea, uric acid accountmg 
for only a small proportion of the mtrogen excreted 
In both the species studied Munzel (1938) was able 
to demonstrate the synthesis of urea by hver slices, 
and, m Testudo graeca, of unc acid also Ghrysemys 
picta, which is also seim-aquatic, was studied by 
IViley & Lewis (1927) who found that the mam 


excretory product was urea, although ammoma and 
uric acid were also present m considerable quantities 
Both Lewis (1918) and Klialil (1947) have worked on 
the sea turtle, Chelonia mydas, but obtamed con- 
tradictory results Lewis (1918) foimd that tins 
species 18 essentially ureotehc, whereas Klialil (1947) 
states that ammoma is the mam execretory product 
Needham (1931), basmg Ins argument on the work of 
Clementi (1929), Lewis (1918), and Wiley &, Lewis 
(1927), concluded that Chelonia are , essentially 
ureotehc He believes that, because they are laid m 
a damp environment, the eggs can absorb water from 
the surroimdmg mud or sand and are therefore 
presumably permeable to ureaalso In many species, 
however, the eggs are laid m very dry surroundmgs 
where a permeable egg would hardly be able to 
conserve or acquire enough water for development 

It therefore seemed worth wlule to mvestigate the 
mtrogenous excretory products of Cheloma from 
a variety of habitats m an attempt to clarify tins 
somewhat obscure position Species from a variety 
of aquatic, amphibious and terrestrial habitats were 
therefore studied to discover whether there might 
be some correlation between mtrogen metaboh^ 
and envuonmental conditions 

EXPERIMENTAL 

Material Dr E Hindle, F R S ,vwas kind enough to put 
at our disposal the large collection of Cheloma belonging to 
the Zoological Society of London 

For the collection of urme the smaller specunens were kept 
and fed m rat metabolism cages of the usual type for 1 or 
2 days The wire floor separated the imne from the faeces, 
and fragments of food were removed by filtration through 
a loose plug of glass wool The urme was ooUeoted m bottles 
containing a small amount of 0 2 n HiSOi The analysis 
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of imne collected m this way was usnally begun within 24 hr 
of excretion, but when longer waiting was necessary a few 
drops of toluene were also added, and the whole kept m the 
refrigerator 

Larger Bpecunens were kept in their usual surroundings, as 
it was found that the excitement caused by bemg handled 
was usually sufficient to induce nrmation Analysis of this 
unne was be^un within a few hr of its excretion and toluene 
added, if it had be be kept overmght 

The unne m all species was clear except m Testudo graeca 
which produced a cloudy unne, possibly because of the large 
amount of unc acid present 

Methods Total N was estimated by the Kjeldahl method, 
digestion was contmued for 16 hr with the catalyst of 
Chibnall, Eees & Wdlianis (1943), and the NHj formed 
detenmned by distdlation m the apparatus of Markham 
(1942) Free NH3 was also estimated by this method, the 
distillate m both cases bemg collected m a 2% (w/v) bone 
acid solution contammg mdicator as desonbed by Sobel, 
Hirachman & Besman (1946) Urea was detenmned by 
mcnbation with urease (prepared from jack bean meal by 
extraction with 0 3 % (w/v) KHjPOj, followed by dis 
tiUation of the NH, produced Unc acid was estimated 
colonmetncaUy , 2 ml each of the urea and cyamde solutions 
as used by Brown (1946) were added to the sample followed 
by 1 ml of the arsenophosphotungstic reagent of Benedict 
& Franke (1922) and the whole diluted to 60 ml Readmgs 
were made after 60 mm 

Ammo acids were collectively determined by a shght 
modifioation of the method of Sobel et at (1946) , the NH3 
formed was distiUed by Markham’s (1942) method instead 
of bemg removed by aeration Creatmme was estimated by 
the Folm piorate method, usmg the sodium picrate solution 
recommended by Borsook (1936) and hippunc acid by the 
oolonmetnc method of Demg^ (1939) Before estimatmg 
either allantom or guamne + xanthme it is necessary to 
one remove acid, winch gives a colour m both the colon 
metne methods used This was achieved by heatmg m a 
bodmg water bath for 10 min with 0 2 n mtno acid as 


1949 

recommended by Hitchmgs (1941) Allantom was then 
estimated by the colonmetnc method of Young & Conway 
(1942), while guamne + xanthme were precipitated as silver 
salts by the method of Gulland, Jordan & ThreUall (1947), 
and estimated colonmetncaUy with the phenol reagent of 
Fohn (1927) as used by Hitchmgs (1941) 

RESULTS 

Eight species of Chelorua from a variety of habitats 
were examined The averages of the results for each 
species are tabulated m Table 1 

Ktnoatemon mtbrubrwm, an ommvorous scavenger, 
and Pelusws derbmnus, a carnivore, although 
belongmg to different famihes, resemble each other 
m bemg almost wholly aquatic Both species feed m 
water, and, mdeed, it is said that Kmosternon 
eubrubrum can be kept for years m a deep tank with 
no possible means of leavmg the water and still 
remam m good condition (Ditmars, 1922) In both 
these species ammoma and urea are excreted m 
approximately equal quantities, each accounting for 
20-26 % of the total mtrogen excreted while the unc 
acid level is low at less than 5 % 

Emya orbtcidana is a semi aquatic species and 
differs from Kinoatemon aubrubrum and Pdusxos 
derbmnus m that it feeds on land, although it never 
leaves the marshy ground near the streams m which 
it spends much of its life This species excretes only 
16 % of its waste mtrogen as ammoma, here urea is 
the predo min ant end product and accounts for 60 % 
of the mtrogen execreted Unc acid production 
agam accounts for less than 6 % of the total mtrogen 
Kxnvxys eroaa and K youngii are terrestnal 
species K eroaa is restricted to damp habitats and 
frequently enters the water, but K young%% is foimd 


Table 1 Nitrogen partition in excreta of Chelonian reptiles 

(Where more than one detemunation was earned out the non bracketed figures are mean values, whilst the figures m bractefs 
low extreme values ohtamed ) 


Species 

'.inostemon 

mbrubrum 

’elvsios 

derbmnus 

Imys 

orbicularis 

Zmixys 

erosa 

V youiign 

Vest lido 
denticula/a 

r graeca 
T ehgans 


No of 
determi 
nations 

1 

1 

3 

2 

6 

3 

2 


Total N 
Qg /sampli 

70 

96 

12 9 
16 0 

13 3 
13 9 
13 6 
21 1 



Nitrogen as percentage of total mtrogen 

^ 



Percentage 

I total N 

<■ 


Unc 

Ammo 


Guamne -t- 

Creati 

accounted 

Ammoma 

Urea 

acid 

acids 

Allantom 

xanthme 

nme 

for 

240 

22 9 

07 

10 0 

1 1 

1 0 

Trace 

69 7 

18 6 

244 

45 

20 6 

1 0 

38 

Trace 

72 8 

14 4 

47 1 

25 

19 7 

06 

1 0 

Trace 

852 

(10 6-18 8) 

(26 4-69 0) 

(14-4 0) 

(16 8-21 9) 

(0 3-0 9) 

(0 6-1 2) 



6 1 

610 

42 

13 7 

04 

04 

Trace 

848 

(5 7-6 6) 

(60 0-72 0) 

(3 3-^0) 

(12 7-14 7) 





60 

440 

65 

16 2 

08 

21 

Trace 

73 6 

(2 9-12 5) 

(30 3-72 7) 

(3 4^7) 

(7 7-22 0) 

(0 3-1 3) 

(0 3-3 8) 



60 

29 1 

6 7 

16 6 

77 

28 

Trace 

67 9 

(3 9-8 7) 

(26 8-31 2) 

(4 9-7 7) 

(9 4-22 2) 

(6 7-8 6) 

(1 7-5 0) 



41 

22 3 

619 

66 

1 7 

94' 

Trace 

96 0 

(4 0-4 1) 

(15 3-29 3) 

(48 7-55 0) 

(4 5-8 6) 

(1 4-1 9) 

(8 7-10 1) 



62 

85 

56 1 

13 1 

1 1 

30 

Trace 

88 0 

(5 9-6 5) 

(7 8-9 1) 

(54 3-67 8) 

(10 6-16 5) 

(1 0-1 2) 

(0 9-6 1) 




1 
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under much drier conditions The mtrogenous 
excretion of the two species is, nevertheless, very 
sunilar Both excrete 40-60 % of the total mtrogen 
as urea, ammonia is responsible for only 6 % of the 
excreted mtrogen and the uric acid level remains 
at 5 % 

Three species of the wholly terrestrial family 
TestudmidEie were studied and here an mterestmg 
division was discovered Testudo denticulata, which 
inhabits damp swampy ground m Brazil, excretes 
some 30 % of its total mtrogen as urea and only 7 % 
as uric acid, but T graeca and T elegans, both of 
which hve under almost desert conditions, excrete 
unc acid as then mam mtrogenous end, product 
Although these species excrete 60—60 % of then total 
mtrogen as uric acid, they still produce considerable 
quantities of urea (10-20%) m contrast to other 
uricotelic forms where urea synthesis is completely 
suppressed 

Apart from ammoma, urea and unc acid, ammo- 
acids accounted for 10-20 % of the total mtrogen m 
aU species AUantom forms 1—2 % of the total 
(except m T denticulata where it accounts for 8 %) , 
guamne + xanthme was consistently low at less than 
4 % (except m T graeca where it accounted for 9 % 
of the total) , and creatimne was found m traces 
only Hippuric acid, which is 10-26% m Kh a l il’s 
(1947) analysis of the unne of Ghelonm myda-8, was 
not detectable m any of the species studied 

In all, 60-96 % of the total mtrogen excreted has 
been accounted for m each species 

DISCUSSION 

The Cheloman reptiles seem to be biochemically 
separable mto three groups The fiist group contains 
the aquatic and semi-aquatic species, and these 
excrete both ammoma and urea m approximately 
equal quantity In the second group, consistmg of 
those terrestrial species which are restncted to damp, 
marshy ground, there is httle excretion of ammoma 
but some 60-60 % of the total mtrogen is excreted 
as urea The third group mcludes the terrestrial 
species which hve m very dry habitats and which 
excrete some 60% of then waste mtrogen m the 
form of unc acid Although this group is essentially 
uncotehc, the ureotehc habit of Cheloma m general 
has not been completely suppressed, for about 
10-20 % of the total mtrogen is still excreted as urea 
The family Testudmidae seems to be the most 
mterestmg from tins pomt of view, some of its 
species bemg typically ureotehc while others excrete 
urea and inic acid together, the latter predommatmg 
Accordmg to Needliam (1931), the change from 
ureotehsm to uricotelism is detemuned by the con- 
ditions under which embryomc development takes 
place, uncotehsm bemg associated with development 
witlun a ‘cleidoic’ egg The eggs of the ureotehc 


species Thalassoclidys corticata (Karashuna, 1929), 
Ermjs orbicularis {europaea, see Hoclistetter, 1906), 
and Caretta (Hddebrand & Hatzel 1927), all require 
a damp environment for successful development 
Karasliuna’s (1929) data show that the eggs of 
Thalassochelys coHicata absorb water to the extent 
of 42% of then origmal water content from the 
envnonment durmg development, and Nakamura 
(1929), also workmg on tins species, showed that the 
total mtrogen of the egg decreased by 17 % before 
hatclung These eggs are therefore permeable to 
water and probably to urea also, so that the urea 
formed by the embryo can diffuse out mto the 
envnonment Tn addition, certam other ureotehc 
species such as Chrysemys picta picta (Cunnmgham, 
1923), O picta beUii (Stromsen, 1923), Emys orbicu- 
laris (Rolhnat, 1932), and several others moisten the 
ground with flmd from the bladder or some closely 
associated gland before laymg then eggs The reason 
for this may be to produce an artificially damp 
envnonment for the eggs, but it has been suggested 
(Stromsen, 1923), that it may be only a method of 
softemng the ground to facditate the diggmg of the 
nest 

Young’s (unpublished) work on the egg of Testudo 
graeca, however, shows conclusively that m this 
species the shell is even more impermeable than that 
of the domestic fowl The eggs, winch develop under 
very dry conditions, are presumably supphed with 
sufficient water to last through then embryomc hfe 
Bemg unpermeabte to water, they are almost 
certainly impermeable to urea also The urea pro- 
duced by a ureotehc embryo would therefore 
accumulate withm the egg, and perhaps nught reach 
atoxic level It ism those species hkeT graeca, whioh 
hve and lay then eggs m almost desert habitats, that 
uricotelism has largely replaced ureotehsm It seems 
probable, therefore, that this is an adaptation to 
embryomc hfe withm a ‘cleidoic’ egg, but further 
data on the permeabihty and conditions of hatchmg 
of the eggs of other species are required to confirm 
this view If, as appears probable, it is found that the 
development of uncotehsm takes place side by side 
with the development of a ‘ cleidoic ’ egg within this 
group, this would be further evidence m support of 
Needliam’s (1931) behef that the two factors are 
mterdependent 

This biochemical evidence supports the usual 
theory of Cheloman evolution based on morpho-i 
logical and palaeontological grounds The tortoises 
and turtles are beheved to have evolved from an 
early amphibious stock which must presumably have 
been ureotehc Some of these early forms returned 
to an aquatic envnonment where they agam began 
to excrete some ammoma, while retammg partially 
their ureotehc nature, thus givmg evidence of their 
amphibious ancestry Others remamed m damp 
terrestnal habitats and are stiU typically ureotehc 
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A third group migrated to drier terrestrial habitats, 
and here, apparently because of the conditions of 
embryonic development, they became largely uri- 
cotehc In the Sauropsida, which are aU uricotehc, 
very httle urea mdeed is produced, and this is not of 
synthetic origm, bemg produced from exogenous 
urea found m the food and from the armdme group 
of argimne (Clementi, 1932) The fact that these 
Cheloman species, while bemg mamly uricotehc, still 
excrete some 10-20 % of their total mtrogen as urea, 
suggests that the stable uricotehc state found m the 
Sauropsida has not yet been achieved It may be 
that their biochemical evolution towards uricotehsm 
18 still m progress 

SUMMARY 

1 The mtrogenous excretion of eight species of 
Cheloman reptiles was studied 

2 The analyses showed that urea accounted for 
10-20 %, or more, of the total mtrogen excreted by 
all the species exammed 
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3 Wlule the amphibious species were found to be 
typically ureotehc, the aquatic forms excreted 
approximately equal quantities of ammonia and 
urea, and the xerophilous, terrestrial species, 
excreted uric acid as their mam mtrogenous end 
product 

4 The significance of these observations is dis 
cussed m relation to the en\Tronmental conditions 
which prevail m adult and embryomc life 

I wish to thank Dr E Baldwin for his valuable advice, and 
the Department of Scientific and Industrial Eesearch for 
a grant during the tenure of which this work was undertaken 
I would also like to express my thanks to Prof E G Young 
for permission to work at the Biochermcal Laboratory, 
Umversity CkiUege, London, while the experiments were m 
progress, to Dr E Hmdle, E R S , for allowing me aceess to 
the collection of Cheloma at the Reptde House of the 
Zoological Society of London, and to Mr J J Lester and 
Miss M Southwick for their mvaluable assistance m the 
collection of matenaL I am also mdebted to Dr P Eord for 
lendmg me a copy of the late Dr J D Young’s impubhshed 
work 
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All legume nodules which are actively fixmg mtrogen 
contam a red pigment This pigment escaped 
attention until Pietz (1938) suggested that it was 
identical with dihydroxyphenylalanme (Dopa), the 
red intermediate m the enzymic oxidation of 
tyrosme Kubo (1939), however, prepared a crude 
extract of the pigment and from its spectroscopic 
behaviour identified it as a heiemoprotem possessmg 
properties very similar to those of haemoglobm 
Burris & Haas (1944) stated that the pigment was 
not a haemoglobm but a haemoprotem oxidation- 
reduction catalyst However, Kedm & Wang ( 1 946), 
wor kin g on an extract about 60 % pure, were able to 
confirm the hacmoglobm-hke nature of the pigment 
by showing that it was capable of completely 
reversible oxygenation and deoxygenation, they 
determmed the absorption spectra of the oxygenated 
and reduced haemoglobm and those of some of its 
derivatives Keihn & Wang suggested that the 

Table 1 The positions of th e maxiina of the absorption 
bands of nodule haemoglobin and some derivatives 

(Values given by KeJin & Wang, 1946) 

Maxima (in mg. ) 



a 


13 

Hb 


667 

HbO, 

574 


640 

HbCO 

664 


638 


failure of Burns & Haas to recognize the pigment as 
a haemoglobm was due to the fact that m their 
preparations the pigment had become largely 
oxidized to methaemoglobm Table 1 shows the 
positions of the maxima of the absorption bands of 
reduced, oxidized and carboxy haemoglobm (Hb, 
HbOj and HbCO) Workmg at 16°, Kedm & Wang 
found the pO, givmg 60 % dissociation of HbOj to 
be less than 0 1 mm Hg, and the relative affimty 


for CO and 0. 


2 = 


[HbCO] [pOa]\ 


to be 37 


[HbOj] [pCO]j 

A remarkable fact about nodule haemoglobm is 
that neither the root nodule bactena nor the host 


plant 13 able to produce it when grown separately 
It IS onlj^ found m the nodule winch is produced 
aft er mfection of the host legume with an appropriate 
strain of Rlnzobnini A similar relationship holds in 


the case of the property of mtrogen fixation Neither 
the host plant nor the root-nodule bacteria 
cultivated alone wdl fix mtrogen Those nucro- 
organisms which fix mtrogen when free hvmg (N ostoc, 
Azoiobacter and Clostridium pasteunanum) do not 
possess haemoglobm In a preliminary exammation 
of the root nodules of alder, winch are also believed 
to fix mtrogen, the author was unable to detect the 
pigment There is, however, mdireot evidence that 
the haemoglobm m the nodule is concerned m the 
process of symbiotic mtrogen fixation Tins may be 
summarized as follows (1) Haemoglobm is present 
m nodules of all the legummous plants which 
actively fix mtrogen (2) Haemoglobm is absent 
from nodules produced by certam meffective strains 
of Rhizobium and which fix very httle mtrogen 
(3) Symbiotic mtrogen fixation is inhibited by a con- 
centration of carbon monoxide much lower than that 
which 18 required to inhibit fixation by Nostoc or 
Azotobacter 

From these facts alone there can be httle doubt 
that haemoglobm plays a role m nodular mtrogen 
fixation and m tins paper further evidence based on 
the distribution of the pigment m the nodule wdl be 
presented The mechamsm mto which haemoglobm 
enters is as yet unknown V irtanen and his co -workers 
(Vutanen & Lame, 1946) claimed that, m addition 
to haemoglobm, methaemoglobm was present m 
nodules, and put forward a theory of mtrogen 
fixation m which haemoglobm functioned as an 
oxidation -reduction catalyst However, onrepeatmg 
Virtanen’s experiments, Kedm & South (1947) were 
unable to find any evidence for the presence of 
methaemoglobm m nodules and from this and other 
considerations rejected Virtanen’s theory The 
suggestion that haemoglobm may, by virtue of its 
oxygen carrymg property, take part m the oxy^gen 
uptake of nodules will be discussed m the foUowmg 
paper In the present paper the distribution and 
concentration of the pigment m various types of 
nodule wdl be described 


CuUwation of the root nodnle bactena The Bhtzobtum strai 
^re grown at 28 or 30° in pure culture on an agar medii 

® ® 0 2 g , NaCl, 0 2 g , CaC 

0 - g .FeClj,0 001 g , Difoo yeast, 6 g , agar, 16 g , distih 
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water to 1 1 ) By using this medium m which a yeast extract 
preparation is the sole source of carbon and mtrogen, one 
avoids the copious gum production always encountered ivith 
media contammg mannitol Nodules on soya beans were 
produced by the effective Bhtzobtum stram 606 and the 
meffective stram 607 These two strams are identical with 
those used by the Wisconsm group of workers (Wdson, 1940) 
In some expenmenta the stram 2193 (National Collection of 
Type Gultures), which infects peas, was used 

Growth of the plants Togumes were grown m pots con 
tarmng stenhzed sod to which had been added a suspension 
of cells of the appropriate stram of Hhxzobtum Sufficient 
precaution against contammant infections was obtamed by 
placmg plants m separate parts of the glasshouse (seep 689) 
Cptological methods Nodules were fixed m Bourn’s fixative 
or m formahn acetic alcohol These were sectioned, and 
stamed either with iron haematoxylm and orange Q as 
CQunterstam, or with carbol fuohsm The sections stamed 
with iron haematoxylm were more satisfactory 


The estimation of haemoglobin in nodvles 


Direct observation of haemoglobin Haemoglobm may easdy 
be demonstrated m legume nodules usmg the microspectro 
scope Whole nodules are too opaque for this observation, 
but on shcmg or crushmg the nodule the twm absorption 
bands of oxyhaemoglobm with maxima at 674 and 640 m/x 
are seen On standmg these are slowly replaced by the smgle 
band of deoxygenated haemoglobm at 667 m^ This is due 
to respiratory activity of the nodule tissue 

General method of estimation For this purpose use was 
made of the microspectroscope and wedge trough as de- 
scribed by Kedm (1933) and by Keihn & Wang (1946) In 
this instrument the spectra produced by hght from two 
different sources are compared Light from one source passes 
through a double wedge trough, one half of which contams 
a standard solution, the other water The optical depth of 
the standard solution through which hght is passmg is vaned 


by movement of the wedge trough and is proportional to the 
distance through which this is moved Light from the other 
source passes through a cyhndncal vessel contammg the 
solution of unknown density In matohmg, two adjustments 
are made simultaneously the mtensities of the absorption 
bands m the two spectra are matched by movement of the 


wedge trough, and the mtensities of the spectral backgrounds 


adjacent to the bands are matched by varymg the strengths 


of the two hght sources If the matching is earned out m 


this manner it can be shown that opaqueness of the unknown 


solution does not affect the result, and measurements may 
m fact be made of concentrations of pigments m shces of 


tissue In this way the haemoglobm was estimated as 
pyndme haemoebromogen, both m aqueous extracts and 


directly m nodule shces 

Determination of nodule haemoglobin in aqueous extracts 
Nodules freshly removed from the plant were washed, and 
the surface moisture was removed by filter paper, the 
nodules were then weighed and the total volume of the nodule 
sample measured by placmg m water and measuring the 
volume of water displaced The nodules were then ground m 
water and the extract centnfuged to remove cellular debris, 
which V as agam extracted with water The second extract 
was found to contam less than 2 % of the total haemoglobm 
and was consequently discarded The first extract was made 
up to a 1 olume of 5 ml and a measured volume (ti) of the 
solution placed m a cyhndncal upnght tube of cross 
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sectional area (o) on the stage of the microspeotroscope The 
haemoglobm was then converted to pyndme haemochro 
mogen by the addition of a httle NaOH (to denature the 
proteins), pyndme and NajSj 04 The companson was made 
against a standard pyndme haemochromogen solution (of 
concentration C) contamed m the wedge trough The con 
centration of the unknown solution (c) is given by the 
relation c=H C/h, where E is the optical depth of the 
standard solution (this is obtamed from the distance through 
which the wedge trough has been moved and from constants 
dependent on its dimensions), and h is the optical depth of 
the unknown solution ( =v/a) 

It wiU be shown that the haemoglobm is limi ted to the 
baotena contammg cells m the central part of the nodule, so, 
m order to calculate the approximate concentration of 
haemoglobm m these cells, correction must be made for the 
volume of the outer cortical parenchyma of the nodule which 
contams no haemoglobm This volume was estimated from 
measurements of the relative areas of mtemal nodular tissue 
and cortical parenchyma m thm shces of nodules, assurmng 
these to be spherical These measurements were made usmg 
a microscope with a rmorometer eyepiece 

Spectroscopic exammation of the aqueous extract and the 
cellular debns showed that practically all the haemoglobm 
passed mto the first extract Only haemoglobm could be 
identified m this extract The sohd cellular debns showed 
only the absorption bands of components of the cytochrome 
system 

As the central nodular tissue consists both of cells con 
tammg baotena and haemoglobm, and small mterstitial cells 
devoid of both, the value obtamed for the concentration of 
haemoglobm m the former cells is slightly less than the true 
value This error, however, should not be greater than about 
10 % 

Determination of haemoglobin directly in nodule slices In 
this method aU the haematm m a small shoe of nodule was 
converted mto pyndme haemoohromo'gen and this deter 
mmed directly by companson with a standard haemochro 
mogen solution For this purpose each nodule was out mto 
shces 1-2 mm thick A shoe was placed on a glass shde m 
a few drops of pyndme and reducer (NajSjO*) A piece of 
plane gloss was placed on top of the shces and supported at 
the comers by small pieces ofplasticme The whole was then 
compressed slightly so that all surfaces of the shoes were m 
contact with the glass, and the two pieces of glass were 
adjusted to make their surfaces accurately parallel This 
system was then placed on the stage of the microspectro 
scope, to which a low power objective had been added, so that 
the central part of the nodule was under the objective The 
shoes were left m contact with pyndme and reducer until the 
maximum amount of haemochromogen had developed 
(usually after 20 mm ) The mean of several readmgs over 
different parts of the nodule shce was taken Then, as before, 
c=H C/h, where h is the thickness of the nodule shce This 
was obtamed by measurmg with a micrometer the distance 
apart of the two pieces of glass with and without the shce 
m position 

Accuracy m this method requires (1) careful measurement 
of the thickness of the nodule shce, (2) evenness m the 
thickness of the shce, (3) that the hght passmg through the 
shoe should be parallel 

The concentration measured m this way gives an upper 
lumt to the amount of haemoglobm m the nodule, as hae 
matm from the cytochromes and other haemoprotems is 
moluded m the estimation 
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It might be thought that, smce the haemoglobm is not 
distnbuted uniformly throughout the tissue, but is present 
m a number of small sphencal cells, a false estimate of con 
centration would be obtamed However, it was found that 
the concentration of haemoglobm, when measured m a 
suspension of horse red blood cells under conditions when 
these were eUipsoidal m shape, was identical with that found 
after lysmg the cells The behaviour of this model suggests 
that the localization of the haemoglobm does not affect the 
estimation described above 

RESULTS 

Localisation of haemoglobin vntkin the nodule 

After the invasion of the root by the bacterial 
infection thread a menstem is set up m the root 
cortex This menstem produces two kmds of cells, 
cells which later enlarge and are packed with bactena, 
and smaller mterstitial par ench 3 Tnatous cells devoid 
of bactena The mature nodule then consists of an 
outer bactena-free cortex and an inner tissue made 
up of the large bactena contammg cells together with 
the mterstitial cells (Fig 1) In certam types of 
nodule these bactena-contammg cells undergo a rapid 
disorganization which is easdy seen on cytological 
exammation Thornton (1939) has shown from 
measurements on such nodules that the rate of 
mtrogen fixation is proportional to the volume of 
bacteria conta inin g cells which have not undergone 
disorganization It is reasonable to suppose that, 
smce the mtrogen gas is actually taken up by the 
nodule, m these cells hes the seat of mtrogen fixation 
It 18 mterestmg therefore to know whether the haemo- 
globm IS present m these cells 
In order to answer this question soya nodules 
{Rlnsobium, stram 506) were exa min ed From 
observation of the distribution of the i^ed colour m 
cut nodules, and by careful exammation of tlim 
slices of nodules under the microspectroscope, it was 
apparent that there was no haemoglobm m the cortex 
Use was then made of the peroxidase action of 
haemoglobm to determme its localization withm the 
nodular tissue proper If an ethanohc solution of 
benzidme together with hydrogen peroxide is added 
to an acid haemoglobm solution, the benzidme is 
oxidized to a substance with a qumonoid structure 
wluch polymerizes givmg a deep blue compound 
Hdiile some very strong oxidizmg agents brmg about 
a sundar reaction, no such substances are found m 
hvmg cells, and the formation of a blue colour under 
these conditions mdicates the presence of haemo- 
globm Under acid conditions peroxidase itself will 
not brmg about tins reaction and its presence m plant 
colls will not mterfere with the detection of haemo- 
globin by tlus motliod This reaction was tested on 
thm sections of soya nodules cut with a hand razor 
In these sections the cjdoplasm and often the nuclei 
of the large bactena-contammg cells were stamed 
blue, while all other ceUs were unstamed (Pig 2) 


Haemoglobm withm tlie nodule is thus confined 
to those cells which contam bactena and which are 
probably specifically concerned with mtrogen 
fixation 

If nodules are ground up m water, and the bacteria 
and insoluble debris centrifuged down, spectroscopic 
exammation shows aU the haemoglobin to be m 
solution The pigment is not present m the bacteria, 
but difiused tliroughout the vacuole and cytoplasm 

The appearance of haemoglobin in young nodules 

In the early development of the nodule there ps 
a period when the menstem has begun to cut off thp 
cells wluch will make up the bactena-contaimng 
tissue, but dunng which the differentiation of these 
cells 18 still mcomplete At this tune the future 
bactena contammg cells are small, round and little 
distmguished from the mterstitial cells Observa- 
tions were made to find out at what stage m nodular 
development detectable quantities of haemoglobm 
appear 

Soya nodules (Bhizobium, stram 605) were sampled 
4 weeks after plant moculation Nodules of vanous 
sizes were shced, and the shoes exammed for haemo- 
globm by direct observation of the presence or 
absence of a red colour (the nodules were too smaU 
to be exammed under the imcrospectroscope) They 
were dimded mto two groups, those which were red 
on shcmg and those which were white N odules from 
each group were fixed, sectioned and stamed with 
iron haematoxyhn 

All those nodules which possessed a detectable 
amount of haemoglobm also showed a well developed 
bactena contammg tissue, the large ceUs of wfrch 
contamed many bactena and were easily distm- 
guished from the mterstitial ceUs In nodules m 
which no haemoglobm could be observed, differentia- 
tion of the bacteria-contammg region had not yet 
begun or was just commencmg The ceUs m such 
nodules contamed few bactena (Pigs 3 and 4) 
Usmg this crude method of detectmg haemoglobm 
it was possible to show that the time of appearance 
of a large amount of haemoglobm m the nodule more 
or less comcides with the differentiation of the 
bacteria contammg region and never precedes it 

The amount of haemoglobin in effective nodules 

When It had been shown that the haemoglobm is 
restncted to the bactena contammg cells, the con- 
centration of haemoglobm withm these cells was 
measured 

S<X€,7TlOQlohVTl VYl 7lodL%llc8 of hcXlTi 
(Phaseolus vulgaris dwarf variety) and soya 

Uemg the microspectroscope and wedge trough 
the amounts of haemoglobm m effective nodules 
from two species of legumes were measured The 
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bean plants were harvested m April 1947 when 
flowering and bearing fairly large nodules The soya 
plants (inoculated with Bhizobium, strain 605) were 
harvested in June 1947, just before flowering, and 
the nodules were placed according to size into two 
groups Table 2 gives the data and the results of 


Haemoglobin and haematin compounds in 
ineffective nodules 

Different strains of Rhizobium may produce 
nodules on the same host plant species with greatly 
varymg mtrogen-fixmg activity , some strains giving 


Table 2 Haemoglobin content of nodules as determined in aqueous extracts 


Mean 



Fresh 

fresh 
wt of 

Volume 

of 

Haematm 

Mean value 
of the ratio 

Concentration Hb 
m bactena 

^^17 000* 

Mean* 


wt of 

smgle 

nodule 

m 

Volume of bactena 

contammg cells 

Fresh wt 

If ^17 000 


sample 

nodule sample 

extract 

contaimng cells 

(as haematm) 

nodule 

nodule 

Plant 

(g) 

(mg) 

(ml) 

(mg) 

Total volume 

(lO-^M) 

(mg /g ) 

(mg) 

Bean 

1 7 

16 8 

1 7 

0 072 

0 59 

1 09 

1 09 

0 0183 

Soya (medium 

0 866 

87 

0 85 

0 088 

0 38t 

42 

2 68 

0 0233 

sized nodules) 
Soya (small 

0 404 

49 

040 

0 050 

0 38t 

60 

325 

0 0167 


nodules) 

* The amount of haemoglobm is calculated as haemoglobm units of molecular weight 17,000 
t Independent of nodule size Standard error m each case is ±9 7 % of mean value 


Table 3 Haemoglobin {including haematin from 
cytochromes) as determined in bean nodule slices 

Concentration of Hb as 
Nodule haematm m bactena contaimng 
no cells ( X 10 ~^m) 

1 26 

2 1 72 

3 3 76 

4 1 28 

6 2 17 

6 2 59 

Mean 2 34 (SE ±15%) 

measurements carried out m aqueous extr€icts, and 
Table 3 records measurements made on mdividual 
nodule shoes from a smgle sample of bean nodules 
While the concentration of haemoglobm m 
different nodules is subject to considerable variation 
the values are all of the same order of magmtude 
Those obtamed from measurements of total hae- 
matm m nodule slices give an upper limit to the 
amount of haemoglobm m the nodule, and are con- 
sequently greater than values from measurements 
m aqueous extracts The bean nodules were grown 
in April 1947, those of soya m June 1947 Because 
of this difference m tune of measurement, it is not 
certam whether the greater amount of haemoglobm 
m the soya nodules should be attributed to differences 
in cultural conditions or to a difference between the 
two genera Withm the range exammed there 
appears to be httle variation m haemoglobm content 
of nodules of different sizes It is probable that the 
haemoglobm content of the bacteria conta imn g cells 
remains constant after their differentiation until the 
onset of tlieu- dismtegration, but when the latter 
occurs the haemoglobm eventually disappears and 
may be replaced by a green pigment (Vutanen, 
Lame & Linkola, 1945, Virtanen & Lame, 1946) 


nse to nodules which fix practically no mtrogen 
Such strains are called meffective strains and the 
nodules they produce will be referred to as meffective 
nodules Ineffective nodules are usually smaller than 
effective nodules and are distnbuted more evenly 
over the entire root system Exammed cytologically 
the central tissue is seen to be qmte different from 
that of normal nodules , while both cortex and mter 
stitial parenchymatous cells are entire, the large 
bactena contammg cells appear m a state of break 
down Usually the nuclei have disappeared, and the 
cytoplasm is rounded off mto large masses contammg 
many bacteria, mainly small cocci The ratio of 
uninfected cells to infected cells m the central tissue 
of such nodules is characteristically greater (Fig 6) 
Thornton (1939) finds that m the early stages of 
development of the most meffective nodules there is 
some organized bactena contammg tissue, but that 
the difference between these and effective nodules 
hes m the stabdity of this central tissue Once dis 
mtegrated it ceases to fix mtrogen Tins is borne out 
by Thornton’s experiments, m which, by cytological 
studies and Kjeldalil analjmes on nodules and plants 
grown under sterile conditions (ensurmg purity of 
the mfectmg Rhizobium stram), he showed that the 
amount of mtrogen fixed by nodules of varying 
effectiveness is proportional to the amount of 
organized central tissue and its duration The nodules 
produced by strains of Rhizobium isolated by 
Virtanen (1947), which he claims fix no mtrogen, are 
probably distmgmshed by the extreme rapidity with 
whicli the cells of the central nodular tissue undergo 
dismtegration Virtanen’s suggestion that the lov 
mtrogen fixin g power of meffective nodules is due to 
the absence of the irregplarly shaped bacterial forms, 
usually referred to m the hterature as baoteroids, 
has been criticized by Thornton who pomts out that 
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bacteroids may be observed m young meffective pea 
and clover nodules, and furthermore that hacteroids 
are absent m all nodides formed on soya plants, 
whether effective or meffective There is no good 
reason to connect bacteroids with the process of 
mtrogen fixation However, the low rate of mtrogen 
fixation by meffective nodules is always associated 
with the breakdown of the nodular tissue 

Virtanen (1946) has shown that haemoglobm 
cannot be detected m meffective nodules Instead 
a green pigment is often found which, as Virtanen 
ct al (1946) and Virtanen & Lame (1946) have shown, 
may be simdar to certam of the bde pigments formed 
durmg haemoglobm breakdown m animals This 
green pigment is of little mterest m the study of the 
mtrogen fixation process smce it is mvariably formed 


The haemoglobm was extracted m water fi-om 
samples ( 1-2 g) of both types of nodule and 
estimated as pyridme haemochromogen as previously 
described Only bands of haemoglobm could be 
detected when the aqueous extract from effective 
nodules was exammed under the imcrospectroscope 
No spectroscopically distmgmshable components 
were visible m the aqueous extract from meffective 
nodules although tins extract contamed a green 
pigment As will be seen, however, haematm com- 
pounds were present m small amounts m this extract 
When the solid debris remaimng after centrifuging 
was exammed under the imcrospectroscope m the 
presence of a httle reducer (Na 2 S 204 ), only bands of 
the cytochromes could be seen m each case, but these 
bands were much stronger m the debns from effective 


Table 4 Haematm content of effective and meffective nodules 


Haematm m aqueous extract 
Haematm m residue 
Total haematm 


Effective nodules 
(Rhizobtwm, stram 605) 


(mg haematm/g 

fresh weight Percentage 
of nodules) of total 


Ineffective nodules 
{Rhtzobium, stram 607) 


(mg haematm/g 

&esh weight Percentage 
of nodules of total 


0 071 92 2 

0 006 7 8 

0 077 — 


0 0068 
0 0019 
0 0087 


78 2 
21 8 


The ratio (total haematm m nodules of stram 607/total haematm m nodules of stram 505) was 0 113 


after the nodule has ceased to fix mtrogen Smce it 
appears m considerable quantities m nodules which 
liave never contamed detectable amounts of haemo- 
globm, It 18 difficult to understand how it ongmates 
from the breakdown of haemoglobm, unless this is 
bemg produced and broken down almost simul- 
taneously Alternatively, haemoglobm may not be 
produced, but instead quantities of haematm winch 
are transformed to the green pigment 

To find out m what way meffective nodules are 
distmguished from effective nodules some measure- 
ments of the total amounts of haematm m effective 
and meffective nodules and of haematm production 
by both tjqies of stram of the nodule bacteria were 
made 

Haemoglobin and total haematm m effective and 
ineffective soya nodules 

Three groups each of forty soya plants were grown 
in open pots m sterilized sod, each group m a separate 
part of the greenliouse One group was moculated 
Mith Rhtzobium stram 5D5 (effective), the second 
group ivith stram 607 (meffective), while tJie tlurd 
(control) group of plants v as left umnoculated None 
of the control plants produced nodules, consequently 
It may be assumed there uere no contammant 
infections The plants v ere ham ested 4 weeks after 
inoculation (Jime 1947) 


nodules The amounts of haematm m these solid 
residues were also measured Table 4 lists aU these 
results The haematm m the sohd residue m both 
cases comes from the cytochromes and small amounts 
of other haemoprotems The haematm m the a queous 
extract of 506 nodules is derived almost entirely 
from haemoglobm That found m the 607 aqueous 
extract may ongmate m any of three ways {a) certam 
of the cytochromes may pass more readily mto 
solution because of the tissue breakdown m these 
nodules , ( 6 ) fi’ee haematm or umdentified haematm 
compounds may be present , or (c) there may be m 
607 nodules a quantity of haemoglobm too small to 
be detected by direct observation 

The cytology of ineffective soya nodules (Rhizobium, 
strain 607) 

In sections of meffective nodules the general dis- 
integration of the whole nodule tissue was very 
marked, more especially affecting the large bactena- 
contauung cells The nuclei of these had disappeared 
and the cytoplasm was breakmg up mto fragments 
containmg large numbers of bacteria The cytoplasm 
of the mterstitial cells was also undergomg dis- 
organization and groups of bacteria were associated 
with the cell walls which were breakmg down The 
relative number of mterstitial cells was much greater 
m tills tyjie of nodule Younger meffective nodules 
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showed only the initiation of these processes, but 
haemoglobin could not be detected m these, however 
young 

In the effective nodules produced by Bhizobium, 
stram 605, no such disorganization could be seen even 
m large nodules (Figs 1 and 6) 

Haemattn and cytochrome m ■pure 
cultures of Rhizobium 

The great difference m total haematm contamed 
m effective and meffective nodules suggested the 
possibdity that Rhizobium strains might differ m 
their capacity to produce haematm 

In one experiment pure cultures of the Rhizobium, 
strains 606 and 607, were grown at 28° on an agar 
medium contamingmorgamc salts and yeast extract 
After 4 daj^ (the soya organism belongs to the 
slow growmg group of Rhizobia) the cells were 
harvested and washed m 0 1 M-phosphate buffer, 
pH 7 3 

The mtensities of the reduced cytochrome bands 
appeared about the same m both suspensions 
Exammation of these bands showed m each case the 
presence of cytochromes a, b and c with the a bands 
of components b and c extremely close together On 
samples of the suspension the total haematm was 
determmed as pyndme haemochromogen, and the 
mtrogen content by the micro Kjeldahl method 
usmg the Markham steam distillation apparatus 
These results are given m Table 6 


Table 6 Haematm content of pure cultures of 
effective and ineffective strains of Rhizobium 



Haematm 

Nitrogen 



content of 

content of 


Stram 

Suspensions 

suspensions 

Haematm 

no 

(mg /lOO ml ) 

(mg /ml ) 

(mg /mg N) 

606 

1 3 

86 

1 6 X 10-» 

607 

0 86 

86 

1 0 X 10-® 


The amounts of haematm produced by these two 
strains are of the same order The difference is small 
and does not account for the great difference m 
haematm content of the two t 5 rpes of nodule 

DISCUSSION 

In nodules produced by meffective strains of 
Rhizobium, not only is the absence of haemoglobin 
paralleled by a correspondmgly lower amount of 
extractable haematm as compared with that of 
effectii e nodules, but the amount of non exdractable 
haematm compounds also lower This latter 
difference exists when the haematm content is 
calculated on a fresh weight or a dry weight basis 
(the ratio fresh weight/drj^ weight bemg the same 


m each type of nodule) There is also less C 5 rtochrom 0 
m meffective nodules Tlus may probably be 
accounted for by the smaller number of bacteria in 
sueh nodules 

When grown m pure culture, effective and in 
effective strains of the root nodule bacteria do not 
differ greatly m the amounts of haematm they 
produce The absence of haemoglobm and the failure 
to fix mtrogen are doubtless directly connected with 
the breakdown of the bacterial tissue, as these three 
phenomena occur together m nodules produced under 
other circumstances Such types of nodule are 
(1) Nodules formed by effective strains of Rhizobium 
on certam varieties of host plant (Nutman, 1946) 
These nodules have a white-green colour and thus 
can possess httle haemoglobm (Nutman, pnvate 
commumcation) (2) Nodules formed on boron 
deficient plants (Brenchley & Thornton, 1926) It is 
not known whether these nodules contam haemo 
globm (3) Effective nodules borne on plants neanng 
the end of their hfe cycle (4) Nodules on plants 
which have been kept m the dark for a period of at 
least 11 days (Keihn & Smith, 1947) 

Under the last three conditions the factor causmg 
the breakdown of the nodular tissue is apparently 
shortage of carbohydrate Bond (pnvate com 
mumcation) notes that nodules formed on plants 
grown m the dark but supphed with glucose are red 
m colour (m contrast to nodules formed under these 
conditions without an external supply of carbo 
hydrate) 

Takmg mto account the structure and properties 
of all these different types of nodule, it may be con 
eluded that the production of haemoglobm and the 
abdity to fix mtrogen are properties not resultmg 
from the mere haphazard association of baotena and 
host tissue m the nodule, but are dependent on a very 
precise relationship between the bacteria and the 
large ceUs m the nodular tissue m which they are 
found The presence of haemoglobm, and the abihty 
to form with the rest of the plant a mtrogen fixing 
system, are characteristics which do not arise 
until these cells reach a certam size, and both 
disappear when sooner or later m their development 
(depending on the conditions hsted above) these 
cells imdergo breakdown 

SUMMARY 

1 Haemoglobm m legume nodules is contamed 
only m the large bacteria-containmg cells and does 
not appear m detectable amounts untd these cells 
have been diff erentiated 

2 The concentration of haemoglobm m the 
bacteria contammg cells of nodules of different 
legume species varied between 1 and 6 X 10~* jr 
After cell differentiation the concentration did not 
appear to vary wnth size of nodule 
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3 As reported b5’- Virtanen (1945), haemoglobm 
could not be detected m nodules produced by in- 
effective strains of Bhizobtiini The amount of 
haematm m such nodules, estunated as pyndme 
haemochromogen, was much less than that m 
effective nodules 

4 Effective and meffective strains of Rlnzohium 
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grown in pure culture differ little m the ratios of 
haematm/ceU mtrogen 

The author yishes to thank Prof D Keihn, F E. S , for his 
advice and encouragement, Dr K Smith, FES, for per 

mission to carry out the work, and ErH G- Xhomton,FES , 

who Bupphed cultures of the RUzoUum, strams 605 and 607 


haemoglobin in leguminous root nodules 
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EXPLANATION OF PLATE 6 


Fig 1 Section through an effective soya nodule {Rhtzohium, 
stram 605) showmg the bacteria contaming tissue (Iron 
haematoxylm and orange G ) ( x 800 ) 

Fig 2 Part of a section of a bean nodule treated with 
benzidme and hydrogen peroxide m acid solution 

( X 100 ) 

Fig 3 The central tissue of a soya nodule before the develop 


ment of detectable amounts of haemoglobm (Iron 
haematoryhn ) { x 800 ) 

Fig 4 The oentraltiBsue of a soyanoduleafterthe appearance 
of haemoglobm, showmg well developed bacteria con 
tammg ceUs (Iron haematoxyhn ) ( x 800 ) 

Fig 6 SectionthioughaiimeffectiTeBoyanodule(iilw 2 £)l)Mi»i, 
stram 607) showmg the baotena contammg tissue (Iron 
haematoxylm and orange G ) ( x 800 ) 


Haemoglobin and the Oxygen Uptake of Leguminous Root Nodules 

J D SMITH, Agricultural Research Cowvnl, Plant Virus Research Unit, MoUeno Institute, 

University of Cambridge 

{Received 1 November 1948) 


The relation between the partial pressure of oxygen 
and the functioning of the legummous root nodule is 
tw ofold, as oxy^gen affects both nodular development 
and the rate of nitrogen fixation by the mature 
nodule Nodules formed m the almost complete 
absence of oxygen are small, white, and contam no 
haemoglobin (Virtanen, 1947) They are also deficient 
in vascular strands, but do not undergo the cellular 
disintegration typical of meffective nodules Thorn- 
ton (1930) has shown that such nodules fix. httle 
mtrogen The effect of depmung normal mature 
nodules of their oxy^gen supplj- has been studied hy 
Golding (1903) and by Virtanen & v on Hausen (1935, 
1936), who found that uptake of gaseous nitrogen m 
nutrient solution cultures ceased m the absence of an 
oxi gen supplj to the nodulated roots, while uptake 
of combined mtrogen was mdependent of root 


aeration WUson & Fred (see Wilson, 1940) have 
produced quantitative results demonstrstmg the 
effect of growmg entire clover plants m partial 
pressures of oxygen {pOf) varymg between 0 012 and 
0 6 atm They found that reduction of the pO^ down 
to 0 012 atm weis accompamed hy a proportional 
decrease m the uptake of gaseous and combmed 
mtrogen Their exqienments, however, are not 
directly comparable with those of Goldmg (1903) 
and Vutanen & von Hausen (1935, 1936), m which 
the pOj would probably be much lower than 
0 012 atm and the green parts of the plants were in 
an atmosphere contaimng 20 % oxygen 

Thus, apart from its effect on the development of 
the nodule, oxy^gen is concerned m the process of 
mtrogen fixation It may merely be mvolved m- 
duectly^ through the release of energy by the oxida- 
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tion of carbohydrates, or it may m Edition enter 
directly mto the fixation mechanism 

A fair amount of information is available con- 
cemmg the respiration of nodules Two important 
experimental results must be kept m mmd when 
considermg this work (Wilson, 1940), (1) Bacteria 
from crushed nodules, separated fi:om the tissue 
debris, behave, so far as their respiration is con- 
cerned, m a manner identical with those fi’om pure 
cultures with the exception that the former, m the 
case of the faster-growmg group of Rhizobia, attam 
their maximum rate of oxygen uptake at a lower 
PO 2 than do bacteria grown m pure culture {2)Rlnzo 
bium m pure culture will grow well at a pOj of less 
than 0 01 atm 

The relative rates of respuation of nodules and 
roots appear to vary withm fairly wide limits All 
Qoj values m this paper are m pJ /mg dry wt /hr 
Values for the ratio nodules/$o^ roots between 
0 6 and 3 1 have been reported by different workers 
(Allison, Ludwig, Hoover & Mmor, 1940, Asprey 
& Bond, 1941, Wilson, 1940) AlhsoneioZ foundthat 
shced or crushed nodules had a much higher than 
whole nodules and that the respuatory quotient of 
nodules respirmg m au was well m excess of 1, the 
value of the latter mcreasmg with the size of nodule 
Such results show that the pO^ witlun the nodule 
must be very low and that oxygen uptake must be 
deterrmned largely by the rate of diffusion of the gas 
through the nodule tissue This is not a surpnsmg 
fact considermg that most nodules are large spheres, 
several mm m diameter, containmg cells packed 
with bacteria 

In view of this, the possibfiity that the nodule 
haemoglobm may have some effect on oxygen uptake 
by the nodular tissue at these low partial pressures 
of oxygen must be considered Three ways m which 
haemoglobm could have such an effect suggest 
themselves 

(1) Haemoglobm nught act as a store of oxygen 
However, a simple calculation shows that haemo- 
globm could not act as such a store over any length 
of tune From the data presented m the precedmg 
paper (Smith, 1949) it can be calculated that the 
heiemoglobm m 1 g (fi*esh wt ) of the bacteria- 
contammg cells of soya nodules, if completely 
oxygenated, would contam 1 1 2 pi of oxygen The 
mean of tins tissue may be taken as 2 Con- 
sequently this amount of stored oxygen would be 
used up m 3 4 mm Small amounts of haemoglobm 
can sem^e as reservoirs of oxygen over such short 
periods of tune m the case of orgamsms dependent 
upon anmtermittent supply of oxygen (e g Arentcola 
manna, Barcroft & Barcroft, 1924) There is no 
emdence, however, that the oxj'gen uptake of 
nodules is mtermittent 

(2) Were the pigment able to move about withm 
the cells, haemoglobm nught act as a carrier of 
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oxygen, but there is no reason to beheve that any 
such movement could occur It is difficult to see how 
stationary haemoglobm can have any direct effect 
upon a diffusion gradient or dissolved oxygen witlun 
the nodule after a steady state has been reached 

(3) Tlie presence of haemoglobm imght chrectly 
affect the rate of combmation of oxygen witli 
respuatory enzymes over the range of values ofpOj 
at which these enzymes are not saturated with 
oxygen Tins could brmg about an mcrease m the 
overall uptake of oxygen by the nodule even where 
this IS dependent on the rate of diffusion mto the 
nodular tissue 

If Og IS the external concentration of oxygen, 
C, IS the concentration of oxygen at a respuatory 
site, R IS the rate of oxygen uptake by enzymes at 
this site, then, if the enzymes are not saturated 
with oxygen, the rate of oxygen uptake is nearly 
proportional to (7, , so that if A is a constant, 

R = KC. (1) 

And if r is the effective length of the diffusion path 
fi’om the exterior to the respuatory site and D is the 
diffusion constant 

R = D{Gg-G,)lr (2) 

Combmmg (1) and (2) 

r/D + l/K 

The possibihty under consideration is that the 
presence of haemoglobm may mcrease K Tins will 
have an effect upon R, the magmtude of which will 
depend on the relative magmtudes of IfK and rJD 
This last possibfiity is apparently supported by 
certam experimental results Kubo (1939) found 
that addition of nodule haemoglobm to Rhizobtum 
cells brought about an mcrease m the rate of respua 
tion at low partial pressures of oxj’'gen Little & 
Burns (1947) found a similar effect m the case of 
Rhizobium grown both m the nodule and m pure 
culture, and a number of other bacteria (Rschenchta 
coZ^, etc ),usmgapO5,of0 01 atm Hog haemoglobin 
had an effect similar to that of the nodule haemo 
globm 

The first part of this paper is concerned with 
diffusion and the oxygen uptake of nodules, the 
second with the relation of haemoglobm to oxygen 
uptake — -m this section the experiments of Kubo 
(1939) and of Little & Bums (1947) are discussed 

EXPERIMENTAL IMETHODS 

Nodule maiericd Legumes were grown m pots containmg 
sterilized soil to which had been added a suspension of cells 
of the appropriate stram of Rhtzobmm Sufficient precaution 
agamst contammant infection was obtamed by placmg 
plants inoculated with different strains of Bhizobium m 
separate parts of the glasshouse (Groups of forty plants 
of each species grown m unmoculated sod simultaneously 
withm the same glasshouse produced no nodules ) Nodules 



693 


OXYGEN UPTAEJE OF ROOT NODULES 


Vol 44 

were normally harvested when the plants were ]ust begmnmg 
to flower They were detached from the plant, washed 
thoroughly, surface moisture was removed with filter paper, 
and the nodules were weighed 
Rhizohium suspensions Strains of Rhizohium were grown 
m Roux flasks at 30° on agar medium (KjHPO*, 0 6 g , 
MgSOi 7HjO, 0 2 g , NaCl, 0 2 g , Caa^, 0 2 g , FeClj, 

0 001 g , Difco yeast, 5 g , agar, 16 g , distfiled water to 1 1 ) 
m which a yeast extract preparation was the sole source of 
carbon and mtrogen With this medium gum production, 
which causes mconvemence in the handling of the suspen- 
sions, was reduced to a minimum 

CrystaUvne horse haemoglobin A solution of lyzed horse red 
blood corpuscles was shaken with ether and centnfuged. The 
lower layer of oxyhaemoglobm solution was sucked off and 
dialyzed Ethanol was added to give a concentration of 20 % 
and the solution left m the ice chest untd the haemoglobin 
had crystallized Before use the haemoglobm was dialyzed 
to remove ethanol 

Measurement of the oxygen uptake of detached nodules 
Oj uptake was measured m Barcroft differential manometers 
at 28° The plant material was usually suspended m 3 ml of 
Medium 1 CO, was absorbed by KOH papers m the centre 
weUs of the flasks All volumes are expressed as /iL of gas 
atNTP 

Medium 1 was as follows KjHIPO,, 0 8g , KHjPOi, 
0 2 g , NaCl, 0 2 g , MgSO^ 7HjO, 0 2 g , CaSO^ 2H,0, 
0 1 g , Fe 2 (S 04)3 OHaO, 0 01 g , glucose, 10 g , distdled 
water to 1 1 , pH 7 3 

RESULTS 

Diffusion and the oxygen uptake of nodules 

The path of gas uptake in nodules While previous 
authors (Allison et al 1940) appeeir to have assumed 
that gases enter the nodule by 'diffusion m aqueous 
solution through the wet ceU walls, there is also the 
possibihty that small pores may exist m the outer- 
most layer of cells commumcatmg with the mter- 
cellular spaces withm the nodule Gases could then 
diffuse m duectly In nature nodules are not 
normally submerged m flmd, but are either more or 
less dry on the surface or coated with a thm film of 
moisture If pores existed m the outermost layer, 
entry of gases would then be much more rapid under 
natural conditions than when the nodule was im- 
mersed m a flmd m equihbnum with the atmosphere 
It IS therefore necessary to know how gases do m 
fact enter the nodule m order to mterpret data 
obtamed from experiments on nodules immersed m 
flmd m manometers 

Sections of nodules of various sizes were ex- 
amined A small number of au spaces were seen 
ivitlmi the nodule, but none of these appeared to 
commumcate with the exterior Surface strips of 
nodules did not reveal anji- pores or gaps m the 
outer lai or of cells 

Mnnometno measurements were made of the Oxygen up 
take of nodules totallj immersed m water, and of the same 
nodules when directh in contact with the gas phase For this 
purpo-m nodules were placed m Barcroftmanometers together 
Biochem 1949, 44 


with a small amount of water (0 2 ml ) which prevented 
spunouB readings bemg caused by changes m the vapour 
pressure wit hin the flasks due to absorption of water vapour 
by the nlkn.li m the centre well These nodules were m direct 
contact with air m the manometer flasks Readings were 
taken for 30 mm , after which 3 ml of water were added to 
each flask and readmgs were taken of the 0, uptake of the 
nodules when submerged The manometno constant was 
recalculated to allow for the relative change m hqmd and gas 
volumes It had been previously estabhshed that the 0, 
uptake of nodules, when kept under constant conditions, did 
not vary over a period of at least 60 min Measurements on 
four samples of small soya nodules gave values of 1 67, 1 60, 
1 46 and 1 64 for the ratio 0, uptake of submerged nodules/ 
Oj uptake of nodules drreotly m air, with a mean of 1 66 

This mcrease m oxygen uptake, observed when 
nodules were immersed m a fluid shaken so as to be 
m equihbrium with the atmosphere, was not to be 
expected if gases are able to diffuse directly through 
pores mto the nodule The observed effect may 
perhaps be explamed by the small surface available 
for exchange of gas between gas and hqmd phase at 
the surface of nodules suspended m air, as compared 
with that at a constantly changmg surface of shaking 
flmd 

It may thus be concluded that gases enter the 
nodule by passage m solution across the wet walls 
of the outer layer of cells While rates of oxygen 
uptake of nodules measured when immersed m water 
are somewhat greater than natural rates, they corre- 
spond to a known p 02 at the surface of the nodule 
The of nodules of different sizes and of nodule 
slices From some experiments, m which the rates 
pf oxygen uptake of various nodules and nodule 
shces were measured, it was possible to obtam an 
estimate of the extent to which gas uptake of nodules 
IS deterrmned by diffusion 

The oxygen uptake of soya nodules [Rhizohium, 
stram 605) was followed manometncaUy m air and 
m oxygen at 28° After washmg and drymg, the 
nodules were graded by size mto three samples, small, 
medium and large, and suspended m medium 1 The 
values obtamed are given m Table 1 

Table 1 Rates of oxygen uptake of soya 
nodules of various sizes (Rliizobium, strain 605) 

(The values of mean volume, radius and surface area were 
calculated from the weight of fresh nodule (density = 1) 
About 60 nodules of each size were taken ) 



Small 

nodules 

Medium sized 
nodules 

Large 

nodules 

Mean volume of 
nodule (cu mm ) 

2 99 

6 38 

101 

Mean radius of 
nodule (mm ) 

0 895 

1 15 

1 36 

Mean surface area 
of nodule (sq mm ) 

10 1 

16 6 

22 9 

Qo. m air 

126 

1 05 

0 99 

Qo, m oxygen 

3 29 

2 82 

2 66 




38 
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Similarly, the Qq of whole soya nodulea (stram 
505) and that of nodule shoes of various thicknesses 
were measured at 28° (Table 2) Nodules were 
shced with a razor and the shoes allowed to stand m 
distdled water for about 20 min before the expen 
ment Durmg the experimental penod (about 
20 mm ) the rates remamed constant showing no 
mdication of falling off This, together with the fact 
that the shoes were previously thorouglily washed 
with water, discounts the possibdity that the lugh 
values of the thm shoes of tissue were due to 
substances hberated from the cells on cuttmg the 
tissue Such high values of Qq^ are not imcommon 
with plant tissues such as young roots 
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Tlie values of of thm slices of these two types of 
nodule were also compared (Table 3) The whole 
nodules were selected so as to be of uniform size 
Plants bearing the two types of nodule were grown 
under identical conditions 


Table 3 Oxygen uptake of effective and ineffective 
nodules 


Matenal 


Oxygen uptake 

A 

f ^ 

Qojt m Qo, ID 
Medium air oxygen 


Whole effective 
nodules 

'RTiole meffective 
nodules 


} 0 05 m phosphate ) 1 50 
buffer, pH 7 3 -{ 

+ 1 % glucose 1 69 



Table 2 of whole nodules and nodule slices 

(Soya nodules, Rhizdbium, stram 605 The same nodule 
sample was used for experiments m air and m oxygen ) 

Nodule shces 

Whole Nodule shces (<0 3mm 
nodules (1 mm thick) thick) 

Qoj m air 1 32 3 69 7 01 

Qoj m oxygen 3 66 8 26 7 76 

The enzymes concerned m the uptake of oxygen 
are saturated at a pOg far below 0 2 atm , so that an 
morease brought about by mcreasmg the pOj above 
this value shows that diffusion is to some extent 
determimng the rate of oxygen uptake Only m the 
case of nodule shces less than 0 3 mm m thickness 
IS there practically no such effect on mcreasmg the 
pOg The value for the of the nodule tissue, when 
mdependent of the rate of diffusion, may thus be 
taken as 7—8 Whole nodules have values very much 
less than this, and furthermore the value of 
decreases as the size of the nodule mcreases (and thus 
the ratio surface area/volume decreases) It must be 
concluded that the rate of uptake is largely deter- 
nuned by diffusion of oxygen xvithm the nodule 

The presence of haemoglobin and 
oxygen uptake 

Two methods of approach were used to find out 
whether haemoglobm takes any part m oxygen 
uptake of nodules by virtue of its oxygen -bmd 1 n g 
capacity First the rates of oxygen uptake by 
effective nodules and meffective nodules (which 
contam no haemoglobm) were compared, and 
secondly the effect of carbon monoxide upon oxygen 
uptake by effective nodules (both detached and 
attached to the plant) was mvestigated 

Th e oxygen uptake of effective and ineffective nodules 
The rates of oxygen uptake of detached nodules 
produced by the effective Rhizobium stram 506, and 
of nodules produced by the meffective Rhizobium 
stram 507, were measured manometncaUy at 30° 


Shced effective 
nodules ( <0 3 mm 
thick) 

Shced meffective 
nodules ( <0 3 mm 
thick) 

The rates of oxygen uptake of whole effective and 
meffective nodules, when expressed on a dry weight 
basis, are equal withm the limits of error due to 
varymg sizes of nodule (This is also true when the 
results are expressed on a fresh weight basis ) The 
rates of oxygen uptake by thm shces of these two 
types of nodule m oxygen (where diffusion of gases 
xvitlim the tissue played no part m determinmg the 
rate) did not differ greatly, that of meffective nodule 
shces bemg shghtly lower This result is m contrast 
to that reported by Asprey & Bond (1941), who 
found values of of whole effective soya nodules 
(stram 605) to vary between 2 31 and 6 26, wlule 
that of meffective soya nodules (stram 607) was only 
0 7 It may be that tlieir meffecfive nodules were 
older, and m a more advanced state of disorgamza 
tion In so far as effective and meffective' nodular 
tissues are comparable, the results (Table 3) sh6w 
no mdication that the haemoglobm m effective 
nodules affects oxygen uptake 

Carbon nwnoxide and the oxygen uptake of nodules 
By convertmg aU or most of the nodule haemoglobm 
(Hb) to carboxyhaemoglobm (HbCO) its property 
of reversible oxygenation is removed, and from the 
resultmg rate of respiration it can be seen whether 
this projierty plays any part m determmmg the 
normal oxygen uptake of nodules 

Tlie ma ximum partial pressure of carbon mon 
oxide (pCO) necessary to obtam a ratio HbCO/total 
Hb equal to 0 6 may be approximately calculated 
from data given by Keilm & Wang (1946) 

In the equihbrium HbOg v=^Hb + Og 

f:i=[bI)] pOg/imOg] 

In the equilibrium HbCO ^Hb + CO 
NgrrlBb] pCO/[HbCO] 
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If (7 IS the total concentration of haemoglobin m 
all forms 

G= [Hb] + [HbOj] + [HbCO] 

AVhen [HbCO]/(7=0 6 

pCO=K, + §^ pO, 
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no mlnbitory effect on oxygen uptake by detached 
nodules (In fact there was often a shght acceleratmg 
effect Tins will be discussed later, together with 
some experiments on bird red blood cells ) 

Carbon monoonde and the oxygen uptake of 
nodules attached to the plant 


OXYGEN UPTAKE OF BOOT NODULES 


From Keihn & Wang’s data 

iFj^=0 1 mm Hg, 

112=0 0027 mm Hg 

According to Kerim & Wang may be less than 
0 1 Tniri but the difference does not alter the 
calculated value of pCO to any significant extent 
Taking the maximum value of pOg wlnoh is found 
at the surface of the nodule m air pO^^ 152 mm 
mercury, the maximum value of pCO is calculated 
to be 0 0065 atm (0 66% CO) With 6% CO 
practically aU the haemoglobm would be m the form 
HbCO 

The effects of these concentrations of carbon 
monoxide (which are below those affectmg cyto- 
chrome oxidase or other respiratory enzymes) on the 
oxygen uptake of excised nodules and of nodules 
attached to the plant were studied 
The effect of carbon monoxide on the oxygen uptake 
of detached nodules YTiole nodules, and m some 
experiments shced nodules and roots for comparative 
purposes, were suspended m Medium 1 m Barcroft 


Table 4 Oxygen uptake of whole soya 
nodides (Rhizobium, strain 605) 

(? 0 j 18 the oxygen uptake expressed as pi /mg of fresh, 
tissue/hr Temp 28° ) 


?o, m air 0 134 0 166 

?o, m air + CO (0 0056 atm ) 0 172 0 172 


Table 6 Oxygen uptake of Vicia faba nodules 
{effective Rhizobium, strain 2196) sliced nodides 
and roots 30° 


Whole Whole Sheed 
nodules nodules nodules Roots 
hate of Oj uptake 80 117 160 102 

in air (pi /hr ) 


Rate of 0, uptake 80 
“20% 0., 5%CO, 

^ (pi /hr ) 


122 


166 84 6 


Roots 

144 

123 


manometers at 28 or 30°, and their rate of oxygen 
tiptake measured m air The flasks were filled with 
gns mixtures, contammg 20 % oxygen m mtrogen 
'noth aarjTng concentrations of carbon monoxide, 
nn readings contmued Readings m the gas mixture 
^ntainmg carbon monoxide were contmued over 
40 mm (Tables 4 and 6) 

®nonoxide m concentrations up to 6%, 
en all the Hb would be converted mto HbCO, had 


A striking and at present mexphcable fact of 
S 3 rmbiotic mtrogen fixation is that, after them 
separation from the rest of the plant, nodules and 
nodulated roots lose all but a trace of them mtrogen- 
fixmg abihty Nodules when excised are clearly 
different m some way from those still attached to the 
plant It was thought that tins difference might be 
reflected m the response of them oxygen uptake to 
poisonmg of the haemoglobm with carbon monoxide 
With tlus end m view the experiments of the last 
section were repeated usmg mtact nodulated plants 


Experimental method. While Bond (1939) has measured 
the CO. output of nodulated roots attached to the plant, 
similar measurements of Oj uptake cannot be traced m the 
hterature 



uptake of nodulated roots attached to the plant 

For this purpose the simple apparatus (Fig 1 ) -was devised 
The plant was held tightly m the apparatus by means of 
the spht bored rubber bung, so that the nodulated roots 
projected mto the cylmdncal glass vessel A (volume, about 
20 ml ) This vessel, together with the syringe B (connected 
by a glass capillary and rubber tube), was fiUed with 
nutrient solution saturated with a gas mixture, and all gas 
bubbles were expelled through tap G which was then closed 
There was then no gas phase m contact with the flmd 
surrounding the roots The apparatus was attached to 
a holder which fitted mto the shakmg meohamsm of the 
manometer bath By this means the vessel A was given 
a horizontal oscillatory movement so that the fimd withm 
was adequately stirred by a number of large rolhng glass 
beads placed m A Flmd m B was not m equdibnum with 
that m A owmg to the narrow capillary connectmg A 
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Prom time to tune samples of the fluid m A were removed 
through a short piece of sealed rubber tubing JU mto a ayrmge, 
devised by Rough ton & Soholander (1043), the capfllary end 
of which had been cemented to a no 20 hypodermic needle 
(Fig 2) As the sample was removed from A it was replaced 
by an equal volume of flmd, contarrung the mitial amount 
of dissolved gas, from the syrmge B (The plunger of this 
syrmge was kept under a shght positive pressure by a 
rubber band ) Allowance was made for this replacement m 
the calculation of the results (Transpiration by the small 



Fig 2 Modified Roughton Soholander syrmge 

clover plants used was negligible over the period of the 
experiment ) The dissolved gases m the sample (about 
0 4in] fluid) were extracted with CO2 m the mam part of 
the syrmge, the COj absorbed with KOH, and the bubble 
of extracted Oj and N, pushed mto the capfllary of the 
syrmge where its volume was measured (after immersion of 
the syringe m a bath of water at room temperature) The 0, 
was then absorbed by alkaline Na.SjO^ and the bubble of 
Nj measured This analytical procedure is described by 
Roughton & Soholander (1943) Durmg the shaking 
operations the needle was closed with a small piece of 
spongy rubber 

Durmg the course of these expenments the pO^ was 
constantly ohangmg, as no provision was made for the 
replacement of the 0| used It was found experimentally 
that, above a certam value, changes m pO* did not afiiect the 
rate of Oj uptake by nodulated roots of small clover plants 
(This would not be true of thick roots owmg to diSusion 



Fig 3 Oxygen uptake of nodulated clover roots attached 
to the plant, with and without CO (pCO =0 02 atm ) 


effects ) It was found convement to fill the apparatus at the 
start of an experiment with Medium 1 (without glucose) 
approximately saturated with a gas mixture oontammg 
80% 0. and 20% Nj In filtmg the apparatus this was 
first washed with the gas mixture, passed through via the 
samplmg tube E, and then the medium saturated with the 
gas mixture was passed through The tube E was then 
closed by the piece of sealed rubber tubmg and any gas 
bubbles expelled through tap C 
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Values of the rate of oxygen uptake of pieces of plant 
tissue measured m the apparatus and m Barcrofl mano 
meters agreed to withm 2 % 

Experiments Those roots beanng few or no nodules were 
removed from a well nodulated clover plant (mooulated 
with Bhtzobium, stram 2192) The latter was then washed 
thoroughly and placed m the apparatus filled with Medium 1 
equflibrated with a mixture contammg 20% N, and 80% 
Oj The apparatus was shaken and readmgs of the Oj 
content of the flmd taken After about 90 min tap G was 
opened, and 0 4 ml of medium 1 saturated with CO was 
mtroduoed through E by means of a syrmge with a needle 
This displaced an equal volume of medium through tap C 
By this means a pCO of 0 02 atm was obtamed Tap C was 
then closed and readmgs were contmued 

Several experiments of this kmd were carried out, 
typical results are shown m Fig 3 No effect of 
carbon monoxide at this partial pressure on the 
oxygen uptake rate could be detected Any change 
m rate of oxygen uptake of about 6 % or more would 
easily have been observed 

Haemoglobin and the oxygen uptake of 
the root nodule bacteria 

Mention has already been made of the experiments 
of Little & Burns (1947), who found that addition 
of mammahan or nodule haemoglobm to resting 
suspensions of Rhizobium brought about an increase 
m the rate of oxygen uptake at low partial pressures 
of oxygen (0 01 atm ) Their mterpretation of this 
result as a direct effect of haemoglobm on the oxygen 
uptake of the nodule bactena, the pigment actmg 
through its capacity for reversible oxygenation, made 
it likely that the same effect might be present m the 
nodule From the experiments with effective and 
meffective nodules, and with carbon monoxide, de 
scribed above, it is a]f)parent that this is not so In 
order to learn if their results could be mterpreted m 
another way the expenments of Little & Bums 
(1947) were repeated at values of pOa of 0 01 and 
0 2 atm with carboxyhaemoglobm as a control m 
addition to denatured haemoglobm 

Experiment 1 A 4-day culture of Rhizobium (strain 2193) 
grown at 30° was washed and suspended m 0 1 m phosphate 
buffer pH 7 3 CrystaUme haemoglobm, prepared from horse 
red blood cells as described (p 693), was dissolved m 0 iM 
phosphate buffer pH 7 3 Denatured haemoglobm was 
obtamed by heatmg this solution to 100° for 1 mm (foUowmg 
the procedure of Little & Bums, 1947) Oj uptake was 
measured manometncally at 37 2° in atmospheres of O3 of 
partial pressure 0 01 atm or 0 2 atm in Nj In each flask 
was placed 1 ml of the Rhizobium suspension, 1 ml of 3 % 
glucose, together with either 1 ml of buffer solution, 1 ml 
of the haemoglobm solution m buffer, or 1 ml of denatured 
haemoglobm 

Table 6 shows that the effect of haemoglobm is 
large at both values of pO^ The haemoglobm do 
natured by heatmg inhibited oxygen uptake to some 
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extent and was unsatisfactory as a control, con- 
sequently in the next experiment it was replaced by 

carboxyhaemoglobm 

Table 6 Haemoglobin and oxygen uptake 



of Rhizobium 

Ehtzobium 





Ehtzobturn 


(suspension 


(suspension 

Ehizobmm 

m glucose 

Contents of 

m glucose 

(suspension 

buffer -1- de- 

manometer 

buffer + hae 

m glucose 

natured hae- 

flask 

moglobm) buffer + buffer) moglobm) 

Rate of 0i uptake 

49 6 

234 

16 

(fj /hr ) at 
p0j=0 01 atm 




Bate of 0, uptake 
(fj./hr ) at 
p0j=0 2 atm 

63 6 

39 6 

21 


The oxygen capacity of the haemoglobm solution 
added, determined manometncally by the fem- 
cyanide method, was 29 2 pi 02 /inl solution 
Increasmg the rate of shakmg of the flasks did not 
affect the rates of oxygen uptake 
Expenment 2 The first expemnent was repeated with 
some flasks filled with air and others with a gas mixture 
containing 20 % Oj , 6 % CO and 76 % Nj Haemoglobm m 
flasks filled with the GO mixture was entirely converted to 
HbCO 

The oxygen-uptake curves (Fig 4) showed that, 
in addition to haemoglobm, carboxyhaemoglobm 
brought about equally large mcrease m the oxygen 



^ig 4 Oxygen uptake of Ehizobtum suspensions A, m 
E, m air contammg CO, G, m air, with haemoglc 
■D, in au contaimng CO, with haemoglobm 


uptake of the bacteria The effect of haemoglobm 
this and probably mthe other experiments, mcludi; 
hose at low partial pressures of oxygen, is n 
connected with its ability to undergo oxygenatic 
A probable explanation is that Rhtzobium and ma 
other bacteria are able to break down haemoglol 
nnduse it as a mtrogen source, so that m the preset 
o aemoglobm, the bacteria change over from a rt 
u oxj'gen uptake correspondmg to a restmg mei 
0 isra to a higher rate characteristic of a pi 
emtmg metabolism A similar effect of haemoglol 
on actenal respiration at low values of pOj , not 
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by Baumberger (1939), may possibly be mterpreted 
m the same way 

Haemoglobin and oxygen uptake in bird red blood 
cells The nucleated red blood corpuscle of birds 
provides a model cell contammg a large quantity of 

haemoglobmandhavmgareasonablyhighrespiratory 

activity Warburg (1929) has used these cells m an 
experiment mtended to flnd out whether stationary 
haemoglobm witlim cells can have any effect on their 
oxygen uptake He measured the change m oxygen 
uptake of bird red blood cells on convertmg all their 
haemoglobm to carboxyhaemoglobm, and found the 
unexpected result that treatment of these cells with 
carbon monoxide caused an mcrease m their oxygen 
uptake Warburg does not explam this odd effect 
satisfactorily and gives no details of his experiments 

Hih experiment has been repeated here usmg fresh washed 
chick red blood corpuscles suspended at 37° m bird Rmger 
solution contaimng 0 2 % glucose (Bird Rmger solution 
NaCl, 9 g , KCl, 0 4 g , CaClj, 0 26 g , water to 1 1 ) Into 
each of a number of Warburg manometers were placed 2 ml 
of this suspension Oxygen uptake was measured m air and 
m a gas mixture contammg 6% carbon monoxide, 20% 
oxygen and 76% mtrogen 

Immediately after replacmg the air m the flasks with the 
gas mixture contammg carbon monoxide the effect noted by 
Warburg was observed, the oxygen uptake moreasmg by 
more than 60% However, after about 20 mm the rate fell 
qmokly back to the origmal value obtamed m air (Table 7) 

Table 7 Oxygen uptake of bird red blood corpuscles 

in air and in air containing 6 % carbon monoxide 

(Each flask contamed 2 ml corpuscles Oj capacity of 
the haemoglobm m 2 ml corpuscles = 133 /J Temp , 37° ) 

Rate of Oj uptake 
{/J /hr) 

In an- 68 4 

Irntial rates m air contammg 6 % CO 99 6, 91 2* 

Fmal rate m air contammg 6 % CO 67 2, 66 6* 

* Duphcate determmations 

DISCUSSION 

While m most cases the occurrence of haemoglobm 
can be directly related to its function as an oxygen 
earner, some organisms (mcludmg some mvertebrates 
and certam protozoa) possess a stationary mtra- 
oeUular haemoglobm, which cannot possibly act as 
an oxygen earner m the normal sense and yet which 
has the same property of reversible oxygenation 
This IB also true of the bacteria contaimng cells of 
the legume nodule Here, in addition, there is good 
evidence that the presence of the pigment is m some 
way connected with the process of symbiotic 
mtrogen flxation 

The view that nodule haemoglobm acts m mtrogen 
flxation as an oxidation-reduction catalyst, the 
valency of the iron m the molecule undergomg 
reversible changes, must be rejected both on expen- 
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mental and theoretical groimds (Keihn & Smith, 
1947) It has often been assumed that such stationary 
haemoglobm might brmg about an mcrease m the 
oxygen uptake of cells, especially when these are m 
an environment deficient m oxygen In face of the 
known mterrelation between oxygen supply and the 
functioning of the legume nodule such an explanation 
of the presence of haemoglobm m the nodule seemed 
not unlikely This was more especially so m view of 
the low pOj m the central nodular tissue 

It was therefore necessary to compare the oxygen 
uptake of nodules with and without haemoglobm 
capable of reversible oxygenation This was done m 
two ways and m each case no sig nifi cant difference 
m oxygen uptake was detected The first comparison, 
that between effective and meffective nodules is 
open to the objection that meffective nodules differ 
from effective nodules not only because of their lack 
of haemoglobm, but also because of the breakdown 
of the bactena-contammg cells Such criticisms do 
not apply, however, to the comparison between 
normal nodules and nodules m which the haemo- 
globm has been converted to oarboxyhaemoglobm 
Withm the accuracy of the methods used m measurmg 
oxygen uptake (approx ± 2 %) the presence of 
haemoglpbm has no effect on the oxygen uptake of 
nodules whether excised or attached to the rest of the 
plant Such a conclusion is compatible with the 
results found on examimng the effect of solutions of 
haemoglobm upon the oxygen uptake of Bhizobtum 
suspensions The mcrease m oxygen uptake of 
Rhtzobtum suspensions on addition of haemoglobm 
solutions was found not to be connected with the 
reversible oxygenation property of haemoglobm, but 
to be probably due to the abdity of the bacteria to 
use haemoglobm as a mtrogen source 

Because of its comparatively high respiratory 
activity and its high haemoglobm content, the 
nucleated bird red blood cell appeared to be an ideal 
model on which to mvestigate the effect of haemo- 
globm contamed withm the cell on its oxygen uptake 
However, low concentrations of carbon monoxide 
brmg about a temporary mcrease of about 60 % in 
the oxygen uptake of these cells It is possible that 
this mcrease m gas uptake is m reahty due to the 
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combustion of carbon monoxide to carbon dioxide 
wluch, as has been shown by Fenn & Cobb (1932), 
may take place m frog muscles It was thus not 
possible m these cells to find the effect on oxygen 
uptake of convertmg the haemoglobm to carboxy 
haemoglobm 

SUMMAHY 

1 It is shown that oxygen enters the nodules of 
legu mm ous roots by diffusion m solution across the 
wet cell walls 

2 Values of the of whole nodules decrease 
with mcreasmg size of nodule and are greater m 
oxygen than m air The of thm shces of nodules, 
of a thickness such that difflision does not determine 
the rate of oxygen uptake, is about 7-8 /xl /mg dry 
wt /hr , while that for whole nodules is about 
1—2 /d /mg dry wt /hr 

3 The Qq^ values of whole arid shced meffective 
nodules differed very httle from those of whole and 
shced effective nodules 

4 Carbon monoxide m a concentration sufficient 
to convert practically aU the nodule haemoglobm 
to oarboxyhaemoglobm had no effect on oxygen 
uptake by detached effective nodules An apparatus is 
described by means of which the oxygen uptake of 
nodulated roots may be measured when these are 
attached to the plant No effect of low concentrations 
of carbon monoxide on the oxygen uptake of attached 
nodules could be detected 

6 The mcrease m oxygen uptake brought about 
by addition of haemoglobm solutions to Bhizobium 
cells IS shown to be unconnected with the abdity of 
haemoglobm to undergo reversible oxygenation 

6 Warburg’s (1929) observation that low con 
centrations of carbon monoxide apparently stunu 
lated oxygen uptake by bird red blood cells was 
confirmed It was foimd that this stimulation was 
temporary ' 

The author wishes to thank Prof D Kedm, E R S , for hiB 
advice and encouragement and Dr K. Smith, F R S , for per 
mission to carry out the work. The cultures of the Bhzobmm 
(strains 606 and 607) were very kmdly supphed by Dr H fi 
Thornton, E R S Thanks are also due to Prof F J W 
Roughton, F R S , for advice and the loan of a syringe 
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In view of the relationslup shown to exist between 
the p glucuromdase activity of a tissue and its state 
of growth (Lewy, Kerr & Campbell, 1948), it was 
considered important to find a specific inlubitor for 
this enzyme It has been suggested (Fisliman, 1940), 
without any direct evidence, that j3 glucuromdase 
18 responsible for the formation of glucuromdes m 
the body The use of an inhibitor for glucuromdase 
in testmg this hypothesis forms an obvious first step 
towards elucidatmg the physiological function of the 
enzyme 

A variety of substanfces have been exammed for 
their effect on the hydrol 3 isis of phenylglucuromde 


byj3 glucuromdase Ofthosewhichcausedmhibition, 
by far the most effective was n-glucosacchanc acid, 
and this compound was exammed for its action on 
glucuromde synthesis by hver shoes and on growth 
processes m the mouse 

EXPERIMENTS AND RESULTS 

Deienntnalwn of p glucuromdase The hydrolysis of 
phenylglucuromde by mouse-hver or kidney glucuromdase 
preparations was measured by the procedure of Kerr, 
Graham & Lewy (1948) In testmg substances for a possible 
inhibitory action on the enzyme, moubation mixtures were 
made up as follows 0 4 ml enzyme preparation, 0 2 ml 


Table 1 Inhibition of ^-glucuronidase m vitro (0 Olbui-phenylglucuronide) 


Phenol hberated 



Concentration 

In 

controls 

In presence 
of inhibitor 

Inhibition 

Compound 

(10-‘M) 

ipg) 

(Mg) 

(%) 

Sacchanc acid 

160 

321 

33 

90 


160 

254 

42 

84 


160 

17 1 

32 

81 


60 

39 1 

80 

80 


60 

32 7 

66 

80 


60 

27 0 

66 

76 


60 

266 

79 

69 


60 

21 2 

32 

85 


60 

16 5 

6 8 

66 


60 

20 6 

46 

78 


60 

22 8 

34 

86 


60 

22 6 

06 

98 


60 

11 8 

38 

68 


60 

21 2 

65 

70 


60 

17 0 

67 

67 

SIucio acid 

75 

30 2 

23 6 

22 

n Glucomo acid 

160 

37 4 

288 

23 

n Glucurone* 

300 

400 

0 

100 


150 

36 3 

12 1 

66 


38 

66 2 

32 4 

41 


10 

55 2 

46 2 

18 


33 

56 2 

61 2 

7 

L ilahc acidf 

150 

23 7 

14 9 

37 

nn-Mahc acid 

300 

32 9 

18 6 

44 


160 

30 2 

23 5 

22 

PhlorrhizmJ 

3 

16 3 

13 6 

17 


1 5 

16 3 

16 8 

-3 

VanillmJ 

75 

39 4 

28 8 

27 


Enzyme 

preparation 

Liver 


Liver A 
Liver B 
Crude hver 
Kidney 

Crude kidney 
Laver 


t 

t 


toerferes m colour reaction for phenol Results are corrected for mterferenc 
The naturaUy occurrmg isomer, commonly caUed laevorotatory mahc acid 
Gives colour with phenol reagent Results are corrected for th^ colour 



600 


M C KAEUNAIRATNAM AND G A LEWY 


0 iM-oitrate btiffer, 0 1 ml 0 12M-ph6nylglucuromde, 0 1 ml 
inhibitor solution In controls, water was substituted for the 
inhibitor solution Buffer, substrate and inhibitor solutions 
were, as a rule, adjusted to pH 6 2 (glass electrode} In 
erperunents m which the two gluouromdase fractions m 
mouse hver were separated (Kerr, Campbell & Lewy, 1949, 
Mills, 1948), however, hydrolysis with fraction A was earned 
out at pH 4 6 instead of 6 2 Occasionally, prehmmary 
purification of the euTyme was omitted, and the crude hver 
or kidney homogenate was used for hydrolysis Results are 
expressed as jxg of phenol hberated m 1 hr at 37° 

Measurement of glucurontde synthesis The conjugation of 
0 ammophenol with glucuromc acid was followed by the 
method of Lewy & Storey (1949) After removal of protem 
with a mixture of tnohloroacetio acid and phosphate buffer, 
the glucuromde was diazotized and coupled with naph 
thylethylenediamine At the pH selected for colour develop 
ment, free o ammophenol m comparatively large amounts 
did not mterfere To measure the synthetic activity of 
mouse hver shoes, they were shaken m sulphate-free bi- 


1949 

a fall m the activity of the enzyme are listed m 
Table 1 The moat effective was d glucosacchanc 
acid, and Fig 1 showB the percentage inhibition 
produced by varymg concentrations of this com 
pound m three experiments with hver glucuromdase 
It can be seen that 60 % inhibition was obtamed with 
2 X 10“^ M-saccharate, and practically complete m 
hibition with less than 10“* m (substrate concentra 
tion 0 016 m) From results given m Table 1, it 
appears that the inhibitory action of eaccharate was 
mdependent of the followmg factors the source of 
the enzyme, the activity of the preparation, the 
glucuromdase fraction present, and the degree of 
purity of the preparation 

Of other compounds listed m Table 1, three were 
closely related to saccharic acid (mucic, glucomc and 
glucuromc acids), but were much less efficient as 
mhibitors of jS glucuromdase Glucuromc acid 



Saccharate concentration (lO"'^) 

Fig 1 Effect of varymg concentrations of saccharic acid on the hydrolysis of phenylglucuromde (0 016 m) 
by mouse hver gluouromdase (results for three separate esjienments shown by O , • and x ) 


carbonate Rmger solution, contammg 0 02 M lactate, 
0 001m ascorbic acid and 0 0026% o ammophenol, at 37° 
for 1 hr m an atmosphere of 6 % COj m Oj Results are 
expressed as jig o ammophenol conjugated/g dry wt of 
tissue m 1 hr 

Inhibition of ^-glucuronidase m vitro 

Nearly fifty substances were exammed for their 
effect on ^-gluouromdase in intro Those which caused 


(d glucurone) mterfered m the determination of 
phenol hberated from phenylglucuromde In the 
absence of phenol, glucuromc acid was without effect 
on the Fohn-Ciocalteu reagent, but m the presence of 
phenol it apparently gave the colour reaction This 
effect was mdependent of the phenol concentration 
The figpires shown m Table 1 for the inhibitory action 
of glucuromc acid on glucuromdase have been 
corrected for mterference m the colour reaction, an 
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are considered reliable Correction of the liydrolysis 
figures was also necessary m the case of phlorrhrzm 
and vamlhn which gave the colour reaction directly 
After correction, the results suggested that both 
compounds shghtly inlnbited |8-glucuronidase n- 
Mahc acid in high concentration had an inhibitory 
action on the enzyme which entirely accounted for 
the effects produced by the racemic acid A com- 
parative study of the tartaric acids might provide 
mterestmg information regarding configurational 
requirements for glucuromdase inhibition Un- 
fortunately, only L-tartanc acid* was available, and 
this had no effect on the eruzyme (see below) 

The following substances bad no apparent effect on the 
hydrolysis of phenylglucuromde by glucuromdase m the 
concentrations shown phenyl d gluooside (0 016 m), 
a methyl n glucoside (0 016 m), a methyl n mannoside 
(O-OOSm), )3 methyl d glucoheptoside (0 003m), ^ methyl n 
syloside (O 003m), a methyl n galaotoaide (0 003m), gum 
arable (O 16%), degraded egg plum gum (0 06 %), pyromucic 
acid (0 016m), sorbic acid (0 02m), osahc acid (0 016m), 
malomo acid (0 016m), sucomio acid (0 015m), glutanc acid 
(0 016m), maleic acid (0 016m), l tartanc acid (0 016m), 
valenoaoid(0 016M),ouabaia(0 0016m), digitonm(0 0016m), 
urethane (O 016m), phenylurethane (0 016m), nitroso N- 
methylurethane (0 016m), heparm (6 6 Toronto units/ml ), 
aulphapyndme (0 00016m), inositol (0 016m), piperonal 
(0 016m), n hexyl alcohol (0 016m), di (2 ohloro 
ethyl) amlme (0 02m), 2' methyl 4 dimethylaminostilbene 
(O OlM), Nal'(0 016m), Na^SO^ (0 03m) 

The following compounds gave colours wath the phenol 
reagent, but, when correction was made for this, they were 
apparently without effect on J3 glucuromdase in the con 
centratvons shown sahoin (0 016m), thiourea (O 0016m), 
eserme (0 0001m), ascorbic acid (0 00076m), oestrone 
(0 0005m), colchicme (0 0001 m) 

The followmg compounds mterfered too badly m the 
colour reaction to be tested with p glucuromdase sodium 
azide, <d bromoacetophenone, phenylarsenoxide, ethyl cyano 
acetate, ethane 1 2 dithiol 


Tile action of saccharic acid on ^-glucuromdase 

From its similarity m structure to glucuromo aoid 
one would expect saccharic acid to suit competitivelj 
in inhibiting glucuromdase That the mhibition was 
reversible was shown by precipitatmg the enz 3 m< 
fromO 03 m saccharate solution with an equal volumi 
of saturated (NH 4 )j,S 04 solution After one precipita 
tion, the activity was 7 0 % of that shown by a contro 
sample of the enzyme After dissolving m water anc 
roprecipitatmg, the activity was as great as m thi 
control 

The normal substrate-activity curve for th 
ndrolysis of phenylglucuromde by mouse-live 
glucuromdase has been studied by Kerr et al (1948 
sec also Kerr e< al 1949) An approximate valu 
o 0 0036 M was obtamed for K „ , the concentratio: 

The naturally occurring isomer, commonly calle 
dextrorotatory tartanc acid 


giving half the maximum velocity of hydrolysis The 
maximum was usually reached with 0 016 m sub- 
strate Inhibition by excess substrate was pro- 
nounced 

Fig 2 shows the effect of mcreasmg the concentra- 
tion of phenylglucuromde on its untial rate of 
hydrolysis m presence of 2 x lO^M-saccharate 
Results are expressed m terms of the relative activity , 
where hydrolysis of 0 OlSM-phenylglucuronide m 
absence of inhibitor is taken as umty The pomts 
show averages for two representative experiments, 
one with hver glucuromdase fraction A and the other 
with fraction B There was no appreciable difference 
m the results for the two fractions It is clear that 



Fig 2 Effect of varying concentrations of phenylglucuromde 
on its hydrolysiB by mouse liver glucuromdase m presence 

of2 X 10“*M saccharate (# •) Results expressed as 

fractions of the maxunnm activity observed m absence 
of inhibitor Substrate activity curve m absence of 
inhibitor (Kerr et al 1948) shown by broken fine 

saccharate acted competitively smee the effect de- 
creased with mcreasmg substrate concentration tdl 
at 0 08M-phenylglucuromde the activity of the 
enzyme was fully restored , 

From Figs 1 and 2, it can be seen that, m presence 
of a saccharate concentration [I] of 2 x 10-^ m, half 
the maximum enzyme activity was reached with 
a substrate concentration of 0 016 m The latter figure 
can be designated K'^, and Kf, the dissociation 
constant of the enzyme-inhibitor complex, can be 
caleulatedfrom the equation A, = [I] K^j{K'^ — A„) 
(Lineweaver & Burk, 1 934) Usmg the valuelbr K 
given by Kerr eiol (1948), A,=:6 x IQ-Sir Itshould 
be stressed that, presumably owmg to the presence of 
mpunties, can vary from enzyme preparation 
to preparation by aa much as 60% m absence 
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of added mhibitor This is associated with 
variations in the substrate concentrations at which 
maxunum activity is reached and inhibition by 
excess substrate becomes marked The value for 
IS not materially altered smce varies with 
Attempts to determme by the method of Hunter 

& Downs (1946), m which knowledge of is not 
required, were unsuccessful 

The effect of sacchanc acid on glucuronide 
synthesis by mouse liver slices 

Table 2 shows the effect of saccharic acid m 
varymg concentration on the formation of o-anuno- 
phenylglucuromde by mouse hver shoes Each figure 
is an average for a determmation done m quadru- 
phcate, as recommended by Lewy & Storey (1949) 
These authors found the standard deviation of a 
smgle observation from the mean to amount to 17 % 

Table 2 Action of dicarboocylic acids on 
glucuronide synthesis by mouse liver slices 

o Arnino- 


Exp 


Concentration 

phenol con 
]Ugated/g 
dry wt 

Difference 

from 

control 

no 

Compound 

(lO-'M) 

(Mg) 

(%) 

1 

Control 

— 

210 



Saccharate 

8 

190 

-10 

2 

Control 


200 



Saccharate 

8 

170 

-15 

3 

Control 



400 



Saccharate 

60 

600 

4- 9 

4 

Control 



390 



Saccharate 

50 

300 

-23 

5 

Control 

— 

620 



Saccharate 

60 

640 

-13 


Saccharate 

100 

540 

-13 

6 

Control 

— 

840 



Saccharate 

100 

680 

-31 


Saccharate 

170 

650 

-34 

7 

Control 



340 



Saccharate 

100 

270 

-20 


Maleate 

100 

270 

-20 

8 

Control 

— 

780 



Saccharate 

100 

720 

- 8 


Succmate 

100 

660 

-16 


m their procedure The standard error fojr a fig^e 
based on four results is thus 10 % Differences m 
sjmthetic activity between saccharate-treated shoes 
and control shoes fi’om the same animal approached 
significance m only one experiment (no 6) Takmg 
the results as a whole, however, synthesis m presence 
of saccharate tended to be sbghtly less than m its 
absence Tins effect was non specific smce it was also 
seen m experiments with succimc and maleic acids 
These acids ha-ve no action on fi-glucuromdase (see 
P COl) All three dicarboxyhc acids studied were 


1949 

added as solutions brought to neutrality with 
potassium hydroxide (glass electrode) 

Experiments were done to show that saccharic 
acid can inhibit hydrolysis of o aimnophenyl 
glucuromde by p glucuromdase The final substrate 
concentration was arbitrarily fixed at 0 13 % and the 
pH at 4 5 (citrate buffer) After 2 hr mcubation at 
38° with mouse-hver glucuromdase, 11 % hydrolysis 
of the glucuromde was observed m absence of 
saccharate In presence of 10~®M-saccharate, the 
hydrol 3 ^is was 0 7% When the experiment was 
repeated with another enzyme preparation, the 
hydrolj'^sis m absence of saccharate was 17 % and m 
its presence 3 6 % 

Penetration of sacchanc acid into the cell 

Attempts were made to show inhibition of 
)S-glucuromdase m the mtaot cell by sacchanc acid 
In the first experiment, mouse-hver shces of known 
weight from two animals were shaken m sulphate 
free bicarbonate Rmger solution contaimng 0 01m 
saccharate for 90 mm at 37° At the end of this 
period, the shces were removed, washed m three 
changes of distfiled water, and homogemzed Inactive 
protem was precipitated by mcubation of the homo 
genate for 30 mm at pH 6 2 Without further 
purification, the supernatant was exammed for 
P glucuromdase activity The activity m terms of 
fig phenol hberated at37°mlhr bylg hver was 
220, compared with 334 for control shces from the 
same two animals put tJirough the procedure m 
absence of saccharate Unless saccharate was 
strongly adsorbed on the surface of the shces, it 
would appear that an appreciable amount penetrated 
the cells On the assumption that the saccharate 
concentration withm the shces rose to 0 01m, the 
inhibition expected was of the order of 76 % 

In other experiments, the enzyme preparation in 
the mcubation mixture used m the assay of glucurom 
dase activity was replaced by mouse hver shces of 
known weight The results had httle quantitative 
value as the ‘enzyme blank’ was variable and high, 
but they suggested that some hydrolysis of phenyl 
glucuromde took place and that this process was 
strongly inhibited by 0 016m saccharate 

The effect of saccharate on the oxygen uptale and 
anaerobic glycolysis of mouse liver slices 

Saccharate m a concentration of 0 014m had no 
effect either on the oxygen uptake or on the anaerobic 
glycolysis of mouse hver shces as measured m the 
Warburg apparatus The Rmger solutions of Krebs 
& Henseleit (1932) were used, the Oj consumption 
being detemuned m phosphate Rmger and an atmo 
sphere of ,0.„ and the COj, output m bicarbonate 
Rmger and an atmosphere of 6 % CO- in Nj. 
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The actioii of saccharic aaid on groivth 
processes in tlie mouse 

A compound that inhibits /3-glucuromdase in mtro 
can be hardly expected to arrest whatever mechanism 
18 responsible for the mcrease m the activity of the 
enzyme normally observed m mvo when a tissue is 
stimulated to rapid growth If, however, glucurom- 
dase plays an essential part at some stage m the 
growth process, admimstration of an inhibitor nught 
modify the process at that stage This possibihty was 
exammed with saccharic acid \Mien large doses 
were administered to mice, saccharic acid was 
apparently without effect on hver regeneration 
followmg damage and on growth m infant mice 
Figures for glucuromdase activity, the weights of 
single organs or of the whole animal, and the histo- 
logical picture were mvariably identical with those 
obsened m appropriate controls It should be 
pomted out that durmg the preparation of the 
enzyme for assay it would be freed from any saccharic 
acid which might have been present m the origmal 
tissue 

Saccharic acid given at frequent mtervals by sub- 
cutaneous mjection of neutralized solutions of the 
potassium hydrogen salt m doses totalhng up to 
6 g /kg dady for periods up to 8 days had no action 
on hver repair after administration of CCI4 or partial 
liepatectomy (Lewy et oZ 1948) It failed to modify 
the mcrease m utenne weight and glucuromdase 
activity observed m ovariectomized rmce durmg hver 
regeneration (Kerr et al 1949) In infant mice, 
mtrapentoneal mjection of 2 g saccharic acid/kg 
daily or the addition of 3 % potassium hydrogen 
saccharate to the sohd diet had no effect on normal 
growth after as long as 3 weeks 

Attempted synthesis of o-aminophenyl- 
glucuronide by ^-glucuromdase 

Florkm, Cnsmer, Duchateau & Houet (1942) claim 
to have demonstrated conjugation of bomeol 
(saturated solution) with glucuromc acid (0 01 m) m 
presence of ox spleen glucuromdase At the end of 
the mcubation period, free glucuromc acid was 
remoied With copper sulphate and calcium hydroxide 
and glucuromc acid m combmation was estimated 
y f he ToUens colour reaction Only a small fraction 
of the total glucuromc acid present was m the com- 
med form, even after mcubation for several days 
The use of o ammophenol as the aglycone m 
emonstratmg glucuromde synthesis (Lewy & 
torey, 1949) has the advantage that m the final 
reaction traces of the conjugate give a p ink colour 
cli IS never seen m controls No formation of 
0 nnunophenjdglucuromde was detected m experi- 
nients m which the free phenol was mcubated with 
gucuronic acid m the presence of concentrated 
preparations of mouse hver glucuromdase 


D Glucurone was present m final concentrations TaT 3 Tng 
from 0 4 to 0 0126 m m 0 06 m citrate buffer at pH 6 2, or 
0 06m phosphate buffer at pH 7 4, contaimng 0 0026% 
o ammophenol, 0 001m ascorbic acid, and the enzyme The 
mixture was shaken for periods of 2 and 22 hr at 37° In the 
longer term experiments, the mcubation fiasks were filled 
with Nj to prevent oxidation of the free phenol 

Wlien hver shoes were replaced m the procedure 
of Lewy & Storey (1949) by crude hver homogenate, 
no glucuromde synthesis was detected 

DISCUSSION 

Considerable difficulties were encountered m deter- 
minmg Ki , the dissociation constant for the inhibitor- 
enzyme complex, m the case of saccharic acid and 
j8 glucuromdase, but it is considered that the value 
of 6 X 10~®M finally arrived at is at least as rehable 
as values quoted for the dissociation constant 
of the substrate -enzyme complex, m the hydrolysis 
of biosynthetic glucuromdes by glucuromdase 
Figures available for are as follows phenyl- 
glucuromde, 0 0036m (Kerr et al 1948), bomyl- 
glucuromde, 0 01m, methylglucuromde, 0 004m, 
and oestriolglucuromde, 0 0006m (Fishman, 1939), 
phenolphthalemglucuromde, 0 00006m (Talalay, 
Fishman & Huggins, 1946) Saccharic acid has a 
higher affini ty for glucuromdase than aU except one 
of these glucuromdes Changmg the carboxyl at 
m saccharic acid to a primary alcohol group to give 
glucomc acid, or changing the configuration to give 
mucic acid, resulted m considerable dimmution of 
the inhibitory power The effect of glucuromc acid 
on the hydrolysis of phenylglucuromde by the 
enzyme may have been inhibition m the usual sense 
or a mass action effect Hydrolysis of a glucuromde 
by glucuromdase is known to result m formation of 
free glucuromc acid (Lewy, 1948) 

The failure of saccharic acid m large doses to 
modify liver regeneration after damage, or growth 
m mfant mice may mdicate that the enzyme is not 
directly concerned m cell division, but the results are 
capable of explanation m other ways Sewichanc acid 
may be too rapidly metabohzed or excreted to pro- 
duce any perceptible changes in mvo Alternatively, 
normal ceU division may mvolve hydrolysis of a 
naturally occurrmg glucuromde with a much greater 
afifimty for the enzyme than that of saccharic acid 
Experiments designed to exclude thepossibfiity that 
saccharic acid does not penetrate the mtact cell were 
unsatisfactory on techmcal grounds, but the results, 
for what they were worth, suggested that penetration 
did occuTi Prehmmary results obtamed by Dr J G 
Campbell (private commumcation) suggest that 
saccharic acid considerably retards hydrolysis of the 
glucuromde of ‘1 orf/io-hydroxyphenylazo-2-naph- 
thol’ by frozen mouse kidney sections m the histo- 
chemical test of Friedenwald & Becker (1948) 
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As a resialt of the work of Lewy et cH (1948), it is 
no longer necessary to postulate a synthetic role for 
)3 glucuronidase m the body (Fishman, 1940) m order 
to explam the changes m the activity of the enzyme 
which can he produced m various organs The view 
that )3 glucuromdase is not mvolved m glucuromde 
synthesis (Lewy, 1948) receives support from the 
failure of saccharic acid to influence formation of 
o-ammophenylglucuromde by mouse-hver shoes, and 
of ^-glucuromdase preparations to effect condensa- 
tion of glucuromc acid with o ammophenol 

Certam sex hormones are known to be excreted as 
glucuromdes The effect of admimstermg saccharic 
acid on the metabolism of these compounds might 
repay mvestigation 

SUMMARY 

1 Hydrolysis of phenylglucuromde by -glucuro- 
mdase was strongly inhibited by saccharic acid 
Closely related compounds were much less effective 


1949 

Inhibition by saccharic acid was competitive, and 
a value of 6 x 10-^M was ob tamed for the dis 
sociation constant of the enzyme-inhibitor complex 

2 Saccharic acid had no marked effect on 
synthesis of o-ammophenylglucuromde by mouse 

'hver shces 

3 Administration of large doses of saccharic acid 
to mice did not influence hver regeneration after 
damage or growth m infant animals 

4 No conjugation of o ammophenol with glucu 
romc acid was observed after mcubation m the 
presence of ^ glucuromdase 

The authors are mdebted to the following for the supply 
of substances for test as possible inhibitors of glucuromdase 
Prof E L Hirst, FRS, Prof GAR Kon, FRS, 
DrE G V Percival and Dr J Madmaveitia Thanks are also 
due to Miss L M. H Kerr for assistance with certam of the 
animal experiments, to Dr J G Campbell for histological 
exammation of organs and to Mr D Love for techmcal 
assistance 
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The Metabolism of Chrysene the Isolation of 3-Methoxychrysene by 
Methylation of the Phenolic Metabolite of Chrysene from Rat Faeces* 


By I BERENBLUM Arm R SCHOENTAL 
Oxford Umversity Research Centre of the British Empire Cancer Campaign, 
Sir WiUiam Dunn School of Pathology, University of Oxford 

{Received 19 November 1948) 


Attention has been drawn to the fact that m mice and 
rats there is a remarkable similarity m the position of 
metabohc oxidation m the molecule for the three 
hydrocarbons 1 2 benzanthracene, 1 2 6 6-di- 
benzanthracene and 3 4-benzpyren0 (Berenblum 
& Schoental, 1943) It was pomted out that these 
positions are not the ones which are chemically the 
most reactive A prehmmary report by Dickens 
(1946), that 9 10 dunethyl-l 2-benzanthracene is 
metabolized mto its 4'’-hydroxy derivative, brmgs 

* A prelnmnary report on this work was communicated 
to the Biochemical Society {Biochem J 1945, 39, Ixiv) 


this hydrocarbon mto Ime with those mentioned 
above, and provides additional support for the 
srmilanty m metabohc pattern 

It was thought that useful information might be 
derived from a study of the metabolism of chiysene, 
m which the anthracenoid ring structure is lacking 
The foUowmg mvestigation was, therefore, imder 
taken 

EXPERIMENTAL 

The procedure adopted was essentially the same as that used 
by the authors m their previous metabohc studies Thirty 
rats were mjected mtrapentoneally with 2 ml of a warm, 
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supersaturated solution of purified chrysene (m p 261-262'’) 
m arachis oil, representing about 26 mg /rat The ammals 
were kept m metabohsm cages permittmg the separate 
collection of urme and faeces Their diet consisted mainly 
of rat cakes (North Eastern Agnoultural Co operative 
Society Ltd , Aberdeen), supplemented occasionally with 
wholemeal bread and cod-hver oil, and water ad lib 
Isolation The faeces were collected daily, dried m air, 
ground to a fine powder, and extracted with benzene by 
percolation at room temperature The benzene extracts were 
shaken with dry ‘precipitated pure sdioa’ (British Drug 
Houses Ltd.) m order to remove a fluorescent, strongly 
adflorbable material (’ a conjugated metabohte), and the 
solution, after filtration, was passed through colu mn s of 
alomma for chromatographic separation On developing the 
columns with benzene, three mam zones could be diS- 


the possibihty of obtaining them m pure enough form for 
meltmg pomt determmations, and rehance had to be placed 
on fluorescence and ultraviolet absorption spectrography, 
and on other micromethods of identification In the present 
mvestigation these methods also proved useful, especially m 
the early stages, before the methylated metabohte was 
available in crystallme form, when comparison of its 
fluorescence spectrum with those of the synthetic methoxy- 
chrysenes gave an early mdication of the position of 
substitution 

Table 1 Positions of fluorescence spectral hands of 
chrysene, methylated metabolite of chrysene, and the 
SIX isomeric monomethoxychrysenes 

Wavelengths of 
mam bands (my.) 


tmguished 

A (at the top of the column) A strongly adsorbed zone, 
greyish m ordmary hght, with a weak violet fluorescence m 
ultraviolet hght (This contamed some of the fluorescent 
material mentioned above, most of which had been adsorbed 
on the sihca ) 

B (appearing below A) A narrow brownish zone, with 
a bluish fluorescence m ultraviolet hght (This contamed 
the phenoho metabohte ) 

C (appearing below B) A wide zone exhibitmg a weak 
greenish fluorescence m ultraviolet hght (This zone con 
tamed the bulk of the sterols present m the extract ) 

Zone B was cut and extracted with methanol The extract 


was concentrated under reduced pressure, methylated by 
treatment with dimethyl sulphate and sodium methoxide m 
the cold, and extracted with benzene m the usual manner 
The methylated product was punfied by repeated chromato 
graphic adsorption from hghb-petroleum solution, tfie 
fluorescent zone being extracted by benzene after cutting 
up the column each time On concentration, the final eluate 
deposited a crystallme substance This was recrystallized 
from hght petroleum, and yielded colourless, fluorescent 
leafleta,mp 186-186'’ It formed a complex with 2 7- dini trO 
anthraqmnone m xylene, which crystallized m fine cnmson 
needles, m p 282-284'’ 

Idenlification For reference, the six isomenc mono 
methosyohrysenes were synthesized, and them 2 7 dmitro 
anthraqmnone complexes prepared, by one of us (R S ) m 
collaboration with Prof J W Cook, FRS (Cook & 
Schoental, 1946) 

The properties of the methylated metabohte were foutid 
to correspond closely to those of 3 methoxychiysene as 
regards the colour and crystal form of the compounds and 
heir respective complexes , the meltmg pomts of the coin 
plexes agreed closely, but the value for the methylated 
metabohte itself (185-186°) was higher than that quoted 
(Cook & Schoental, 1946) for 3 methoxychrysene 
^~tflS°) Therefore, a synthetic specimen of 3 methoxy- 
cnrvsene was further purified (at the suggestion of Prof 
k) by regeneration firom the complex with 2 7 dimtro 
aat raqmnone by chromatography, and it had a melting 
^mt of 185-186° The identity of the methylated meta 
1 e with 3 methoxychrysene was confirmed by lack of 
epn^ion of the meltmg pomts of mixtures of the two coitt- 
poun s, as wcU as of their dmitroanthraqumone complexes 
carher metabohe studies on 3 4 benzpyrene 
1 Crowfoot, Holiday L Schoental, 1943) and 

- benzanthracene (Berenblum & Schoental, 1943), the 
unts of metabohte were often so small as to preclude 


Chryseno (3dd),382, 404 

Methylated metabohte 368, 386, 408 

3 Methoxychrysene 368, 386, 408 

4-Methoxychrysene 369, 387, 410 

2 Methoxychr^ene 369, 389, 412 

6 Methoxychiysene 371, 389, 412 

6 Methoxychrysene 373, 391, 416 

1-Methoxychi^ene 374, 393, 418 

For greater accuracy of measurement of the fluorescence 
bands, a method was employed for obtammg ‘peak’ photo- 
graphs (m place of the senu quantitative representations 
used m our previous pubhcations), by mcorporatmg a 
‘ moving wedge ’ behmd the sht of the spectrograph Details 
of the method, and reproductions of the fluorescence spectra 
of the SIX isomenc methoxyohrysenes are given elsewhere 
(Berenblum & Schoental, 1946o) m Table 1 are given the 
positions of the mam bands The distmct difiFerenoes between 
the spectra of the different isomers give an mdication of the 
relative specificity of fluorescence spectrography for this 
class of compounds The fact that the spectrum of the 
methylated metabohte was mdistmguishable firom that of 
3 methoxychrysene confirmed their identity 

A study of the ultraviolet absorption spectra of this senes 
of compounds was undertaken by Hobday & Jope (un 
pubhshed results) They found very distmct differences m 
the absorption spectra of the six isomenc methoxyohrysenes, 
and reported that the spectrum of the methylated metabohte 
wasidentical with that of 3 methoxychrysene, thus providmg 
further confirmation of their identity 

DISCUSSION 

Smee the methylated metabohte of chrysene has now 
been identified as 3 methoxychrysene, and smee the 
metabohte itself possesses the properties of a phenol, 
it may be concluded that the chrysene metabohte 
present m the rat faeces is 3-chrysenol 

This result is m keepmg with the prmciple, pre- 
viously noted m connexion with other polycychc 
hydrocarbons (Boyland & Levi, 1936, Berenblum 
& Schoental, 1943) that metabohe oxidation does not 
occur m the positions of the molecule which are 
chemicaUy the most reactive, i e the 2-po8ition m 
the case of clirysene (Newman & Cathcart, 1940) 

In comparing the stmietuTaV formnla of the rat 
metabohte of chrysene (I or II) with those of 1 2- 
benzantliracene (HI), 1 2 5 6 dibenzanthracene 
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(IV), and 3 4-benzpyrene (V and VI), a smularity 
m pattern of metabobc oxidation is clearly dis- 
cernible It would seem, at first sight, that this 





(HI) 

4' Hydrosy 1 2 
benzanthraoene 



4' 8' Dihydroxy- 
1 2 5 6 dibenzanthracene 


OH 



sunilanty is dependent on the manner of presenta 
tion,i e that formula I corresponds to 8 -benzpyrenol, 
and formula H to 10 benzypyrenol In fact, the 
feature common to them all is that the sites of 
metabohc oxidation are all m the alpha position to 
the phenanthrenoid 9 10 double bonds, and, smce 
benzpjn-ene has two such double bonds (1 2 and 
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6 7), there are two correspondmg alpha positions of 
metabohc oxidation (Berenblum & Schoental, 19466) 
An mdication of the chemical mechanism of meta 
bolic oxidation is given by the findin g by Boyland 
& Levi (1936) that animals fed on anthracene excrete 
1 2 dihydroxydiliydroantliracene, and that this pro 
duct readily undergoes conversion mto l-anthranol 
by mild acid treatment Similar conversions of 
hydrocarbons to diols m the animal body have been 
observed m the case of naphthalene and phenan 
threne (Young, 1947, Booth & Boyland, 1947, 
Boyland & Woolf, 1948) It thus seems a plausible 
hypothesis (Fieser, 1941) that a dihydroxydihydro 
derivative might constitute an mtermediate stage m 
the metabohc conversion of other '’hydrocarbons 
mto their respective phenols 

Tlie results with chrysene, described m the present 
commumcation, are not mconsistent with this view 
However, this would not explam why the supposed 
‘perhydroxylation’ does not take place m the re 
active, adjacent, 1 - and 2-position8 (which so readdy 
yield to oxidation , see Bamberger & Burgdorf, 1890), 
unless these positions are already blocked by some 
group, possibly enzymes, m the process of meta 
bohsm 


SUMMARY 

After mtraperifconeal mjection of chrysene mto rats, 
a phenohc fi-action was isolated fi’om then faeces 
The isolated product yielded on methylation a com 
pound identified as 3 -methoxy chrysene, mdicatmg 
that the phenohc metabohte was 3-chryBenol 

We wish to thank Mr H W Wheal for valuable technical 
assistance 
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Bile Acid Enteroliths ; with an Account of a Recent Case 

By F S FOWWEATHER, Departmemt of Chemical Pathology, University of Leeds 

{Received 4 December 1948) 


Enterolitlis consisting mainly of choleic acid have 
been reported on at least ten previous occasions, the 
first by Motner & Sjoqvist (1908, quoted by Momer, 
1923) Momer (1939) gives a list of cases known to 
Imn up to that tune The only case reported from this 
country is the one described by Raper (1921), the 
remainder having been found m Sweden Chitre 
& Puradare (1944) described an enterohth weighing 
186 6 g removed from a Hindu woman, which was 
said to contam over 70 % of glycochohc acid, but no 
details of the analysis nor physical constants of the 
bile acid were given 

On 21 March 1948, Mr G Amntage, Honorary 
Surgeon to the Leeds General Infirmary, removed 
two stones from the mtestme of a woman aged 73, 
and submitted them to me for analysis One of the 
stones was found m a duodenal diverticulum, and the 
other lower down the small mtestme , it was thought 
that this too had been formed m a diverticulum, but 
later escaped from it and gave nse to the sjrmptoms 
of mtestmal obstruction which were the outstandmg 
clinical features of the case A more complete account 
of the chmcal and radiological aspects of the case will 
be published elsewhere (Amntage, Fowweather & 
Johnstone, 1949) 

The stones were yellowish brown, of irregulair 
shape, with a roughness similar to that of the skm of 
an orange The smaller stone weighed 26 g with an 
overall length of 41 mm and overall width of 2 1 mm 
On sawmg mto halves, it was seen that there was 
a central zone, rectangular m section, measurmg 
19 X 7 mm of a much darker colour than the rest, 
the demarcation hue between central and outer zones 
'i^as not very sharp The larger stone weighed 29 6 g , 
had overall dimensions of 47 and 46 mm and a 
Joiker central zone, oval m section, measurmg 
30x 20 mm 

EXPERIMENTAL 

AnalvBis was begun on the outer zone of the smaller stone, 
e inner zone appeared to differ from it only quantitatively 
ter the larger stone was evammed, the whole of one half 
'fff analyzed, and the central zone of the 

^ cr half analyzed separately At the centre of the larger 
one was a thm irregular piece of vegetable material 
ensuring 20 x 5 mm , thought to be a portion of a firmt 
p ’ '^olhmg of this kmd was found within the smaller stone 
olesterol was tested for by the Liebermann Burchard 
ion, which was found to be negative The Pettenkofer 
*0 ion, howei er, was stronglj positive The material con- 


tamed only a very small amount of mmeral matter, was 
soluble m hot ethanol, and readily soluble m alkali, givmg 
a solution which frothed readily, the froth persistmg for 
some time It did not melt at 100° It was evident that the 
stone consisted largely of bJe acid 

Lipids were removed from a weighed quantity of dry, 
powdered material by extraction m a Soxhlet with hght 
petroleum The residue was extracted with ethanol and the 
extract evaporated to dryness 

RESULTS 

The fohowmg figures were obtamed 



A Smaller 

B Laiger 

G Larger 


stone, outer 

stone, whole 

stone. 


zone 

of one half 

inner zone 

Water 

1 80 

0 66 

0 20 

Ash 

040 

0 34 

0 30 

Free fatty acids 

1 86 

2 04 

13 29 

Neutral fat 

0 30 

044 

4 91 

Ethanol extract 

92 20 

93 71 

74 06 

(mainly bile acid) 

Food residues, etc 

3 46 

2 91 

7 26 

(by difference) 


100 00 

100 00 

100 00 


The ethanol extract contamed a small amount of 
bile pigment 

The dried ethanol extracts were redissolved m 
ethanol and titrated with 0 1 N-NaOH, usmg 
phenolphthalem as mdicator, showmg the eqmvalent 
weights to be A, 379 5,B, 382 8, C, 386 2 A further 
portion of the petroleum extracted material was 
dissolved m ethanol, treated with animal charcoal 
and filtered The filtrate was evaporated to small 
bulk, from which most of the dissolved material 
crystallized out The crystals were filtered off, washed 
with ethanol and dried m a vacuum desiccator The 
resultmg product was entirely colourless and had the 
following characteristics 

AEG 
Meltmgpomt 186-186° 185-186° 186-187° 

Eqmv wt 378 8 377 4 382 1 

Wd +48 7° -1-47 6° Not 

determmed 

Wieland & Sorge (1916) gave the meltmg pomt of 
choleic acid as 186—188°, and its optical rotation as 
-f 48 47° Paper (1921) found for the recrystaUized 
etlianol extract from his stone a meltmg pomt of 
186 5-187 6° and optical rotation of +60 62°, the 
latter figure is higher than most other recorded 
figures, he stated that the molecular weight of his 
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product, determined by titration with 0 1 N NaOH, 
was 384 9 The choleic acids normally encountered 
are complexes containmg eight molecules of de 
oxychohc acid and one molecule of a higher fatty 
acid Wieland & Sorge (1916) consider that natural 
choleic acid contains both p almi tic and steanc acids 
The eqmvalent weights of the palmitic and stearic 
complexes are 376 9 and 380 respectively 

Tlie sunilarity m appearance and behaviour, as 
well as m physical constants, of the ethanol extracts 
from the materials A, B and C mdicated a close 
similarity m composition Moreover, the evidence 
obtamed indicated that the extracts consisted 
largely of natural choleic acid, and the ciystalhne 
products obtamed from them showed a high degree 
of purity This was confirmed by a detenmnation of 
the deoxychohc acid content of one of them by the 
method of Kawaguchi (1938) It showed a value of 
92 3 % , while the average figure for the deoxychohc 
acid content of natural choleic acid obtamed by 
Wieland & Sorge (1916) was 91 8 % 

In the cases already reported, it has been shown 
that choleic acid was the prmcipal constituent of the 
ethanol extract of the stones examined, but httle or 
no information has been given as to the nature and 
quantity of other substances present In the present 
case attempts were made to obtam more precise 
information on this pomt Bihrubm was certainly 
present m small amount, sufficient to give a defimte 
yellow colour to the ethanol extracts That some 
other material was also present was mdicated by the 
fact that the mother hquor and washmgs after 
separation of the crystalhne products from de- 
colorized extracts ofA,B and 0, when added together 
and concentrated, juelded a crystalhne product of 
meltmg pomt 180-182°, i e about 6° below the 
meltmg pomt of pure choleic acid Experiments 
were therefore made on the whole of the ethanol 
extract (Material B was used for the purpose ) 
When subniitted to the Gregory & Pascoe (1929) 
reaction the extract gave a defimtely positive result 
This reaction, especially m the more recent modifica- 
tions of Remhold & Wilson (1932) and Irvm, John- 
ston & Kopala (1944) has been shown to be highly 
specific for cholic acid Usmg the last named method 
the amount of chohc acid m the whole ethanol extract 
was found to be approximately 10 % An almost 
identical result was given by the method of Kawa- 
guchi 

The molecular weight of chohc acid (Cj^H^oOg) is 
408 Hence admixture of chohc acid with choleic 
acid wdl cause the eqmi’nlent weight to be higher 
than for pure choleic acid, and the eqmvalent weights 
of the total extracts have, m fact, been shown to be 
higher than for the crystaUized products , a mixture 
contammg 90% of choleic acid and 10% of chohc 
acid would ha\ e an eqmvalent weight of 382 It is 
unhkelj'- that the conjugated chohc acids, glycochohc 


1949 


and taurochohc acids, are present to any appreciable 
extent, for their molecular weights are 466 and 516 
respectively Even smaU amounts would therefore 
have a considerable effect on the eqmvalent weights 
It may resonably be accepted, therefore, that the 
total ethanol extract of the stones consisted of bile 
acid together with a small amount of bile pigment, 
and that the bile acid contamed approximately 90 % 
of choleic acid and 10 % of chohc acid , the con 
jugated bile acids were not present to any appreciable 
extent 

In bile much the greater proportion of the bile 
acids IS present m the conjugated form, and as salts 
(mostly sodium), while m the enterohths they are 
present as free acids, and unconjugated An expen 
ment to determine the pH at which certam bile acids 
are precipitated from solutions of their sodium salts 
gave the followmg results 

pH at which 

Bile acid precipitation occurred 


Choleic acid 
Chohc acid 
Glycochohc acid 


70 

68-60 

46-48 


Josephson (1933) performed somewhat similar 
experiments with a number of bile acids with similar 
results He found the dissociation constants of de 
oxychohc acid, chohc acid and glycochohc acid to be 
3 8 X 10"’, 64 6 X 10"’ and 366 x 10"’ respectively, 
for the tauro acids the constants are higher than for 
the glyco acids 

DISCUSSION 


True enterohths of any kmd are rare The ease with 
which many foreign bodies pass through the normal 
ahmentary canal makes it obvious that for entero 
hths to form and grow m size some mechanical 
condition must be present which allows the retention 
of concretions withm the mtestme m then- early 
stages In akhost aU the reported cases such a 
mechamcal condition was noted , m some the stones 
were obviously related to the presence of diverticula, 
m a few to stricture The presence of foreign bodies 
is also hkely to be favourable to stone formation 
smce them presence will cause stasis (an important 
factor m stone formation) either m a diverticulum 
or m the lumen of the mtestme, and they will also 
act as a nucleus around which solid material may be 
deposited Helstrom (1936) found a plum stone at 
the centre of a choleic acid enterohth Bajier (1921) 
found tissue resembhng finut skm, sunilar material 
was found m the larger of the two stones m the 
present case, and Chitre & Puradare (1944) found 
a tamarmd seed 

There must be m addition special conditions which 
determme the formation of bde acid stones With 
one exception the reported cases already referred to 
have been choleic acid stones, and the exception, that 
of Chitre & Puradare (1944), is not sufficiently well 
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documented to place the identification of the bile 
acid concerned entirely beyond doubt This finding 
at first seems surprismg smce the conjugated bde 
acids are normally present m much greater con- 
centration than choleic acid McGee & Hastmgs 
(1942), m experiments on human subjects, found 
that the pH of the upper part of the small mtestme 
iras between 6 2 and 6 8 except m a few isolated 
instances The experiment already described shows 
that choleic sicid is the only one of those exammed 
which wfil be precipitated withm this range, and 
thus offers a convmcmg explanation why choleic 
acid IS precipitated m preference to other bde acids 
It IS probable that m some cases the acidity m this 
region exceeds the normal (e g where the amount of 
hydrocblonc acid discharged from the stomach mto 
the duodenum is greater than usual as m conditions 
associated with hyperchlorhydna), and may reach 
a degree of acidity sufficient to cause precipitation 
of chohc acid adso, but the attainment of an acidity 
suflScient to precipitate glyco or tauro acids is very 
much less likely / 

The formation of stones withm the mtestme would 
appear to require the precipitation of the material 
concerned m appreciable quantity, yet it is beheved 
that unconjugated bde acids are present m bde m 
quite small amounts Doubdet (1936) gives some 
results of ‘typical examples ’ of differential bde acid 
analysis, these show, m human gall-bladder bde, 
0 890 % of unconjugated acids, out of a total of 
9 161 %, and m human fistula bde 0 413 % out of 
a total of 1 71 7 % Not all of the unconjugated acids 
IS deoxychohc acid, capable of combination with 
the free fatty acid m bde or m the mtestme to form 
choleic acid I have not seen any separate figures 
forunoonjugated chohc and deoxychohc acid m bde, 
but it is generally beheved that the total chohc 
acid exceeds the total deoxychohc acid Wieland 
Reverey (1924), who noted the presence of cheno- 
deoxychohc acid m human bde, gave the proportions 
of chohc deoxychohc chenodeoxychohc acid as 
9 1 1 Doubdet’s (1936) figures for human gall- 
bladder bde show 4 266 % of chohc acid and 6 496 % 
of deoxychohc acid, he makes no mention of cheno- 
deoxy chohc acid, but, if any were present, it would be 
included m the figure for deoxychohc acid (Here it 
be noted that Nagaki & Ohyama (quoted by 
ba, 1940) claun that chenodeoxychohc acid is 
0 ten found to predommate m human bde ) Figures 
or deoxjmhohc acid therefore, m cases m which 
cxQminatiou for, or determmation of, chenode- 
o\\ chohc acid is not made, may well be too Ingh 
lonodeoxj'choho acid, like chohc acid, has little 
^’ormco-ordmation compounds (Sobotka, 
' u ) , hence its presence wdl not result m the forma- 
wn of choleic acid If, then, the proportion of the 
iconjugated deoxjmhohc acid m bile bears any 
n mn to that of the total deoxymhohc acid, the 
Riochem 1949 , 44 


amount of the former (and therefore of choleic acid) 
18 normally very small, it is m fact so small as to 
mdicate that deposition and retention withm the 
mtestme, m quantities sufficient to form the entero- 
liths wluch have been described, is unhkely to occur 
Raper (1921) suggested that the material first de- 
posited was glycocholeic acid and that glycme was 
subsequently spht off firom this by bacterial action 
Tliere are, however, three difficulties m acceptmg 
this explanation First, there is not, accordmg to 
Sobotka, any real evidence that the conjugated bde 
acids form choleic acids Secondly, the evidence 
for cleavage of conjugation m the manner suggested 
IS confiictmg (for references see Sobotka, 1937 o) , and 
lastly the pH required for the deposition of the ffee 
conjugated acids is defimtely lower than that found 
m the mtestme 

There are, however, other and more hkely ex- 
planations why m some cases the choleic acid of the 
bile may be higher than is suggested by the figures 
already quoted In the first place, the number of 
published differential bde acid analyses of human 
bde IS small, and they give no mdication of the 
variations which might occur normally m the 
amount and proportion of the different acids , m this 
connexion it has also to be remembered that the 
methods of analysis avadable for this purpose leave 
much to be desired In the second place, there is 
some evidence that the proportion of conjugated to 
unconjugated bde acid, and of chohc acid to de- 
oxychohc acid, etc , may be altered by disease The 
liver IS presumably the site of conjugation, and an 
mcrease m unconjugated bde acid has been noted m 
disease of that organ (For references see Sobotka, 
1937 h ) An mcrease m the proportion of deoxychohc 
acid to chohc acid has also been noted, mainly m 
pathological conditions, but Sobotka thinks this is 
more hkely to be due to a decrekse m production of 
chohc acid than an mcrease of deoxychohc acid 
Disease of the gaU bladder, by altermg its capacity 
to absorb various substances from bde, may also 
alter the bde acid composition of this'flmd 

It wdl be seen, therefore, that the formation of 
choleic acid stones requires the concurrence of a 
number of factors, viz a mechamcal condition 
capable of allowmg the retention of precipitated 
acid, bde which contains more deoxychohc acid than 
IS usually present, and, also, bde which contains 
a considerable proportion of deoxychohc acid m the 
unconjugated form, whether these bde changes 
represent the extreme of normal variation, or are 
the result of disease cannot be decided on present 
knowledge of the bde acid composition of bde 
Hyperchlorhydna may be an additional factor The 
presence of retamed mdigestible matter m the 
mtestme is also of some importance 

One other fact has not yet been mentioned, namely 
that all the reported cases have occurred m women 
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Why this should be so is not clear, and can only be 
a matter for speculation The fact that the production 
of choleic acid enterohths requires the concurrence 
of a number of factors explains their rarity Never- 
theless, certam considerations suggest that they may 
not be so rare as the small number of reported cases 
would mdicate Of the ten previously reported cases, 
five have been recorded by one man (Momer, 1939) 
and three by another (Helstrom, 1936) Tliat one 
keen observer should have identified half the known 
cases does seem to show that others must have been 
missed, there is m fact much evidence m the 
literature that some enterohths have not been 
exammed at all, while some have received insufficient 
examination to identify their constituents with 
certamty Any real knowledge of the mcidence of 
bile acid enterohths — or mdeed of any type of 
enterohth — can only be obtamed if all stones found 
in the mtestme are submitted to careful chemical 
analysis 

SUMMARY 

1 Two enterohths removed firom the mtestme of 
a woman have been analyzed, and it has been shown 
that they contamed over 90% of bile acids Of these 
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acids approximately 90 % was choleic acid, and 10 % 
was chohc acid 

2 The pH at which certam bile acids are pre 
cipitated fi’om solutions of their salts has been 
determmed, and it has been shown that, of the bile 
acids usually present, choleic acid is much the most 
likely one to be precipitated at the reaction normally 
found at the site of formation of these enterohths 
This IS beheved to explam why all the bile acid 
enterohths so far reported, except one, consist 
mainly of choleic acid 

3 The factors which might be responsible for the 
formation of choleic acid enterohths have been dis 
cussed and some deficiences m our knowledge of the 
bile acid composition of human bile have been 
pomted out 

4 While bile acid enterohths are undoubtedly of 
rare occurrence, it is considered that they are 
probably commoner than the number of reported 
eases mdicates This is beheved to be due to m 
sufficient exammation of mtestmal stones m some 
cases, and lack of any exammation m others Careful 
chemical exammation of aU mtestmal stones is 
recommended 
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The Bence-Jones Protein of Multiple Myelomatosis, its Methionine 
Content and its Possible Significance in Relation to 
the Aetiology of the Disease 
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{Received 6 October 1948) 


Few chemical mvestigations have been made on 
Bence-Jones protem m recent years Reports on the 
methionme content of the protem are particularly 
scanty smce, at the time of the earher work (Hopkins 
& Savory, 1911 , Abderhalden & Rostoski, 1905), this 
ammo-acid was unknown The values reported for 
methionme (Calverj’- & Freyberg, 1936, Devme, 
1941, Harxner & Rangier, 1943) show considerable 


variation, but agree upon a low figure As a patient 
with multiple myelomatosis, who was exoretmg large 
quantities of Bence Jones protem, had come to our 
notice, it was decided to mvestigate agam tlie content 
of methionme and other ammo acids Tlie quantities 
excreted by the patient permitted purity tests on the 
mtact prptem, and the use of five mdependent 
methods for determmmg the methionme content 
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It was also hoped that the matenal might provide 
a source of methionme-free protem m rat feedmg 
expenments designed to produce anaemia and 
liepatic necrosis 

Case summary 

The patient, a man aged 44, was admitted to University 
College Hospital, under Prof H P Hunsworth on 3 August 
1946, complammg of weakness, loss of weight and pam in the 
lower nbs on the left side On exammation he appeared pale 
and the pam m the nbs was found to be accentuated by 
direct pressure The unne on winning gave a heavy curdy 
precipitate at about 60°, which completely redissolved when 
it was heated above 80°, and reprecipitated on coohng below 
80° No other abnormal constituents were found A further 
eiammation of the unne for Bence-Jones protem was made 
with the tests descnbed by Osgood & Ha skin s (1931) Typical 
reactions were given with salt and acetic acid as well as with 
sulphosahcyho acid Investigations dunng the next few days 
showed blood urea 36 mg /lOO ml , plasma protems 
6 2 g /lOO ml , albumm 4 7 g /lOO ml , albumm/globuhn 
ratio =3 1, haemoglobm 66 % , white cells 6700/ou mm with 
normal differential Sternal marrow exa min ation showed 
that 65 % of the nucleated cells were plasma cells Radio 
graphy of the skeleton showed a few clearly defined de- 
calcified areas m the skull and vertebrae consistent with 
nmltiple myeloma deposits Smular areas were much more 
widespread m the lower nbs, humen, femora, pelvis and 
clavicles The patient was put on a high protem (200 g 
daily) diet and treated with mtrogen mustard (methyl bis 
(^ chloroethyl)animehydroohlonde) His aneiemia worsened, 
however, and the haemoglobm fell to 42 % m about 6 weeks, 
when he was given blood transfusions and allowed to go 
home 

He was admitted again on 9 December 1946 with further 
loss of weight, lassitude and pam m the nbs He was 
^>®guining to become breathless on exertion His blood urea 


liqmd, made just acid to htmus with acetic aoid, was heated 
with meohamcal stimng to 66—66° to produce precipitation 
and coagulation of the protem The precipitate was filtered 
and washed with distilled water until chlonde free, and 
spread out on Petn dishes, which were placed on top of an 
oven at 90° overmght The dned protem was put through 
a min cer and gave a white powder, qmte tasteless and odour- 
less The yield was about 96 g /7 1 unne The protem 
contamed no phosphorus 

Bythis procedure,atotalofl360 g of protem was collected 
and thoroughly mixed This denatured protem was later 
used for the feedmg experiments and analyses 

Analysts of protem hy saltvng out methods The filtered 
unne m volumes of 280 ml was dialyzed agamst running tap 
water for 48 hr , and agamst a large volume of static distilled 
water for a further 48 hr It was filtered from the shght 
precipitate and the filtrate used for saltmg out experiments 

A constant volume of the dialyzed protem solution was 
treated with varymg quantities of saturated NejSOi solution 
and distdled water to give a senes of solutions havmg a 
volume of 10 ml , a mtrogen content of 10 6 mg , a pH of 
7 0, and with the NajS 04 concentrations rangmg from 
30 to 60 % saturation at 37°, at which temperature the whole 
subsequent procedure was also earned out Havmg stood 
for 22 hr , the mixtures were filtered, and the filtrates 
analyzed for mtrogen 

To isolate the first fraction of protem precipitated by this 
method, 1700 ml of unne were dialyzed by the above 
method, and the protem solution treated with NajSOi to 
brmg to 38 % saturation Under these conditions 29 % of 
the mtrogen was precipitated The mixture was filtered, and 
the precipitate taken np m distdled water and dialyzed as 
above to give fraction A 

To mvestigate further the upper part of the saltmg-out 
curve, 10ml fraction A, contammg 10 Omg N, were treated 
with varymg quantities of ZnS 04 7Hj,0 at 37° The protem 
loft m solution was estimated as m the saltmg out experiment 


was now 78 mg /lOO ml , haemoglobm 32%, red cell count 
WxlO*Jcumm , white cell count 6000/cu mm , of which 
2% were myelocytes and 1 % plasma cells Plasma protems 
were6 2 g /lOQ ml ,albumm4 6 g /lOO ml , albumm/globuhn 
ratio 2 7 , sedimentation rate 66 mm m 1 hr He was treated 
by means of blood transfusions and given a course of 
raethionme, 6 g by mouth dady for 10 days His condition 
wntmned to get worse, he began to be irrational, and, when 
very J], insisted on gomg home where he soon died 
Unfortunately, the plasma protems were not exammed by 
electrophoresis 


hCETHODS 

„ of unnes Unne was collected over penods of 

M and stored at 6°, and preserved by thymol 
(termination of protein content The volumes of 24 hr 
™ of unne were measured The unne was filtered, 

5 ml introduced mto a centrifuge tube It was made 
htmus with acetic acid, and heated on a water 
to 70° The coagulated precipitate of protem was spun 
efiT*'' °rice with distdled water, twice with 90 % 

anol and once with absolute ethanoL FmaUy the pre- 
roi dned m the oven at 100° for 2 hr , weighed and 

to constant weight 

jjj rrporafion of large sample of protein Unne was treated, 
and with 90 g of active charcoal for 15 mm , 

nred through fluted filter paper The clear, pale yellow 


Electrophoretic analysis of protein Unne (260 ml ) was 
freeze dned and sent to Dr A L Ailin g of the Strong 
Memonal Hospital, Rochester, NY, USA, to whom we 
are mdebted for the electrophoretic study After smtable 
dialysis of the unne agamst sodium diethylbarbiturate 
buffer of pH 8 6 and lomc strength 0 1 the electrophoresis 
was earned out for 3 hr m the taU form of the standard 
1 1 ml Tisehus ceU at a field strength of 6 8 V /om Boundary 
patterns were obtamed by the Longsworth scarmmg method 
(Longsworth, 1939) 

Chromatographic analysis for ammo acids The denatured 
protem was hydrolyzed for 24 hr at 100° with 6 n-HC 1, and, 
after removal of the HCl by diBtdlation tn vacuo, the residue 
was dissolved m water An amount of the solution contammg 
60 pg of N was analyzed for ammo acids on the two- 
dimensional phenol ‘ coUidme ’ paper chromatogram of Cons 
den, Gordon & Martm (1944) A further smular quantity, 
previouslytreatedwithlO/J of30%(w/v)HsOa, was analyzed 
smularly for the specific purpose of reveahng methionme and 
cystme if present (Dent, 1947) These two analyses were later 
repeated with 10 times the above amounts of hydrolysate 
with the object of detecting constituents present m small 
quantities only One dimensional chromatograms were also 
earned out m coUidme, for subsequent spraymg with the 
Pauly reagent (Pauly, 1904) for detection of histidme and 
tyrosme, and m iert amyl alcohol (Work, 1948) to detect 
the two leuemes, which overlap m the other solvents 
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Analyses for cystine {other than hy paper chromatography) 
Qualitative To test qualitatively for cystme in a protem 
hydrolysate, the nitropnisside test may be mconvement on 
account of the colour of the hydrolysate itself, and the 
quantity of protem required The foUowmgspot test was used 
A drop of solution which may contam about 0 1 % (w/v) 
cystme is apphed to a filter paper, which is allowed to dry, 
immersed m 6%Hg(N03)2 solution, thoroughly washed 
with distiUed water and dried at room temperature or m an 
oven at 100° The same concentration Hg(N03)2 is stnped 
across the paper from a micropipette, and is followed by 
0 112N-KJapphedmthesameway The background appears 
red on account of Hglj formation, whilst the area of cystme 
impregnation appears colourless for low concentration of 
cystme, and pale yellow for higher oqncentrations 
The following substances give a positive reaction to the 
test cystme, cysteme, glutathione, homocysteme, cystme 
disulphonde, thiolhistidme, S benzylcysteme The following 
substances give negative results S methylcysteme, taurme, 
oystathionme, methionme sulphone, methionme sulphoxide, 
lanthionme, j9j3|9'j3'-tetramethylcystme, ergothionme, homo 
cysteme thiolaotone, glycme, alanme, valme, lencme, iso- 
leucme, serme, threonme, aspartic acid, glutamic acid, 
argmme, lysme, histidme, phenylalanme, tyrosme, trypto- 
phan, prolme and methionme 

Cystme, however, can be distmgmshed from aU other 
substances which give positive reactions by repeatmg the 
test, this time onuttmg the prehmmary immersion m 
Hg(NOj)j and subsequent washmg and drying Under these 
conditions cystme gives a negative result, but the other 
substances contmue to give the same reaction as before 
The test wdl detect 2 pg of cystme with ease 
Quantitative Cystme and morgamc sulphur were deter 
mined gravunetncally by the method of Lugg (1938) 
Analyses for methionine {other than by paper chromatography) 
Chemical Themtroprusside colonmetncmethod ofMcCarthy 
& SuUivan as modified by Horn, Jones & Blum (1946) was 
used The method is not, however, very accurate for low 
concentrations of methionme m protem hydrolysates 
Methionme was also determmed by subtractmg oiystme and 
morgamc sulphur (as determmed above) firom total sulphur 
as determmed gravunetncally by a wet-ashmg method 
(Masters, 1939) 

Microbiological This was earned out by Mr J G Heath 
cote at the Cereals Research Station, St Albans, by the method 
of Dunn, Shankman, Camien, Rrankl & Rockland (1944) 
as modified by Barton Wnght (1946) with the orgamsm 
Leuconostoc mesenteroidea P60 

Biological Two a nim al feedmg expenments were earned 
out In both cases white Wistar rats were housed separately 
m metabolism cages, and a constant mtake of dietary 
protem N (123 mg /rat/day) was provided, the carbohydrate 
supphed bemg appropnately reduced when the appetite was 
poor, so that minimal amounts of food were left uneaten 
The cages, donations of carbohydrate, salt, arachis oil, cod 
hver oil, yeast ertract, aneurm, nboflavm, pyndoxme, 
calcium pantothenate, ohohne and tocopherol were exactly 
as desenbed by Dent & Rimmgton (1947), except where 
otherwise stated 

In the first experiment, two male tats of about 100 g 
were fed with casern as the sole somce of protem H After 
20 days the casern was replaced by Bence Jones protem 
After a further 14 days, 19 mg a ammobutyno acid/rat/day 
were mcluded m the diet, as part of another experiment not 
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reported here After a further lA days, instead of this 
supplement, 27 mg DL-methiomne/rat/day were given. 

In the second expenment, three male and three female 
rats, all htter mates, and weighmg about 116 g if males 
and about 93 g if females, were fed with casern for the first 
14 days as above, except that the carbohydrate was mixed 
with CaHPOj m the proportion of 99 2% com starch and 
0 8% CaHP04 The salts, apart from the CaHP04, were 
supphed by adding a solution of the composition of the salt 
mixture of Osborne & Mendel (1919), except that the 
metaUic sulphates weye replaced by the eqmmolecular 
amounts of them ohlondes In this way an adequate salt 
imxtnre completely free of sulphur was provided 
For the rest of the expenment rats 1 and 2 remamed on the 
same diet, to serve as controls, while aU the other rats were 
given Bence-Jones protem instead of casern After the first 
14 days, however, rats 3 and 4 received the Bence-Jones 
protem alone, while rats 6 and 6 received the same protem 
and m addition 27 mg dl methionme/rat/day After a 
further 18 days the methionme supplement was switched 
from rats 6 and 6 to rats 3 and 4 
Throughout both expenments, 1 6 mg L-tiyptophan/rat/day 
were added to the casern diet Water, distilled m the second 
expenment, was supphed ad lib The rats were weighed 
mdividually at least every other day 

Other analyses Ash A small quantity of protem was 
igmted at red heat for 46 mm and the residue weighed 
Total nitrogen This was determmed by the rmoro Kjeldahl 
method, with CUSO4 and SeOf as catalysts 

Carbohydrate This was determmed by the orcmol method 
of Rimmgton (1940) 

RESULTS 

Daily output of Bence J ones protean The output 
varied by about + 10 g /day (Fig 1) On normal 
hospital diet, with a protem mtake of about 100 g , 



Pig 1 Patient’s excretion of Bence-Jones protem from 
14 to 29 August 1946, representative of the 62 days on 
which it was determmed at vanous stages of the illness 
On 26 Angnst (mdicated by an arrow) he was given by 
mouth 60 g of hiB own Bence-Jones protem in addition 
to hiB normal diet 

the daily Bence-Jones protem output averaged 
34 6 g over a 6 day jienod For the next 9 days, on 
a diet contammg about 200 g protem, the daily 
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output averaged 38 4g The average output remained 
at about the same level throughout the period durmg 
which the patient was studied, and was 36 g when 
aieraged over the 62 recorded days After eatmg 
50 g of hiB own recovered Bence Jones protem, in 
addition to his normal diet, the patient showed no 
change in the output (A healthy volunteer also 
mgested 60 g of the protem, without producmg 
protemuna or other detectable effects ) After the 
patient had been transfused with 2 pmts of blood the 
output was halved for 2 consecutive days, but after 
a second transfusion about 2 months later a similar 
result was not reproduced The feedmg of 5 0 g of 
DL methionme/day for 10 days did not affect the 
output, and methionine could not be detected m the 
daUy unnesby the one -dimensional chromatographic 
technique ofDent (1946) usmg phenol as the solvent 
Smce the method would detect 2 5 ng ofmethionme, 
and the average urme volume was 2600 ml , the 
daily output of this ammo -acid, while it was bemg 
given by mouth, must have been less than 250 mg 
a Aininobut 5 Tuo acid was also not detected m the 
urme Methionine is readily detected m this way m 
the urme of a normal person who mgests 6 g /day 



‘S 2 Salting out curve of Bence Jones protem by Na,SO 
^37° The arrow mdicatea the pomt at which the bull 
fractionation was made (see text) 


this fraction (fraction d.) with zmc sulphate is shown 
m Fig 4 



Fig 3 The results of Fig 2 plotted on the log scale to show 
the number of components present The arrow mdicates 
the pomt on the curve above which it was more carefully 
exa min ed m another experiment (see text and Fig 4) 



Fig 4 Saltmg out curve of fraction A of Bence- 
Jones protem by ZnS 04 at 37° 


Sailing out curves Fig 2 shows the effect of 
®<iltmg out the dialyzed Bence-Jones protem with 
s^um sulphate To find the number of constituents, 
® log of the solubdity of the protem was plotted 
ogaiMt salt concentration (Fig 3, see also Cohn, 
precipitation graph then follows along two 
™iglit hnes, representmg two constituents, with 
1 inflexion when 87 8 % of the mtrogen 

^las been precipitated The arrows m Figs 2 and 
^^^0 pomt at which the fractionation de- 
*^004 On p 611 was made The saltmg-out curam of 


Electrophoretic diagrams Dr AJhng reported ‘The 
electrophoretic mobihty of different samples of 
Bence Jones proteins vanes somewhat, but the 
mobihty m this case corresponds to that which we 
have found most frequently for Bence-Jones protem 
The pictures (Fig 6) show the usual boundary 
anomahes and one large shghtly asymmetncal Jieak 
movmg with the mobihty of fibrmogen The 
asymmetry of the mam peak probably represents 
a small amount of protem travelhng shghtly faster 
than the mam component 
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■\Vhen this tmdenatured protein -was added to a Analysts by paper chromatography The results of 
sample of normal plasma, the peak migrated with one of the two dimensional chromatograms are 
the fibrmogen shown diagrammaticaUy m Fig 6 It shows all the 



Fig 6 Electrophoretic patterns of Bence-Jones protein 
(<j) and {b) are the ascending, (c) and (d) the descending 
patterns In (a) and (c) the protein has been mixed with 
plasma proteins from a normal man A=albumm aj,ocj, 
P and y = the corresponding globuhns ^=fibrmogen 
8 and e are the usual boundary anomalies B JP =Bence 
Jones protem 



Pig 6 Diagram of chromatogram obtamed from acid 
hydrolysate of Bence Jonesprotem An amount contammg 
60 pg of N was taken and placed at the bottom nght-hand 
comer of the filter paper Phenol was run from nght to 
left followed by ‘colhdme’ in an upward direction The 
latter was run for half as far agam as the phenol The sizes 
of the spots have been drawn to represent the relative 
strengths of mnhydnn colour reaction accordmg to an 
arbitrary scale The identifications are 1, oysteio acid 
(from cystme), 2, aspartic acid, 3, glutamic acid, 4, senne, 
6,glycme, 6,threomne, 7,tyrosme, 8,alanme, 9, histidine, 
10, phenylalanme, 11, leucme and/or isolencme (an mde 
pendent method showed that both were present) , 12, valme , 
13, prohne, 14, arginme, 16, lysme 

common ammo acids except tryptophan (destroyed 
m acid hydrolysis), methionme, histidine and 


Table 1 Analysis of Bence Jones protein 
(All values are expressed as % ( w/w) of dry ashless pmtem except m the case of values for ash itself which are corrected 


for dry material only 


Ash 

Total nitrogen 
Total sulphur 
Cystme 

Inorgamo sulphur 
Carbohydrate 

Methionme (chemical methods) 
Methionme (microbiological method) 
Glucose/mtrogen ratio 



Calvery & Freyberg (1936) 

Devme 

This paper 

Sample 1 


Sample 2 

(1941) 

0 16 

16 2 

0 76 

\ 61 

18 0 

10 


1 2 

18 1 

1 0 

04 

14 7 

1 34 

2 47 

30 


30 

2 9 

0 10 

— 




0 17 

0 00* 

— 

0 81t 


0 68 

<0 02 


— 



0 0106 


— 




Harvier 
& Rangier 
(1943) 


1 15 


1 80+ 
0 07 


* The gravimetno method for methionme gave a small negafave cystme averaging 

0 771, 0 778, 0 776) and total sulphur 0 761 (0 760, 0 0 765) The reMon for by gjock <L Bolling 

t This value does not appear m the paper by Calveiy A Freyberg (1935), but is attributed to ttiem oy m 

4^ T^e ajfhors do not mdicate which chemical method was used The protem was obtamed not from a case of myelomatosis, 
but from the unne of & patzent TPith multiple secondary carcinoma of bone 
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bydroxyproline There is also a spot m the position 
occupied by leucine and/or isoleucine After oxida- 
tion inth hydrogen peroxide the oysteic acid spot 
showed strongly, indicating the presence of a fan- 
quantity of cystine, but no metlnonme snlpbone 
■ffas seen as would hdve been found had metbionine 
been present in the original protein The same result 
was also obtained from a sample of the protem passed 
in the unne durmg the period of methiomne ad- 
ministration The chromatograms run with 10 tunes 
the usual quantity showed histidme, but still no 
methionine as its sulphone, nor any hydroxyprohne 
As the technique readily detects 6 /ig of methiomne 
there must have been less than 6 pg m the 3 mg of 
protein taken, i e less than 0 16 g /lOO g of protem 
The presence of histidme m small amounts was con- 
firmed by the one-dimensional colhdme chromato- 
gram, tryptophan by the Hopkins -Cole reaction, 
leucme and isoleucme (much more of the former) m 
the tert amyl alcohol chromatogram 



Fig 7 Growth curves m first rat experiment Before arrow 
A both rats received casern as sole source of protem m the 
diet Prom A till the end of the experiment Bence Jones 
protem contaimng the same amount of mtrogen was 
substituted for casern After arrow B methiomne was 
sdded to the diet, between C and B a ammobutyno 
was added The weights of the two rats at the 

°®S™ung and end of the expenment are marked on the 
curves 

Clictmeal analyses {%ncluding microbiological) 
are shown m Table 1 

^ological results Tlie growth curves from the two 
^ experiments are shown m Figs 7 and 8 In all 
61' en Bence-Jones protem diet without 
so H developed marked loss of appetite 

^ 'ut instead of eatmg qmckly the maximum 
Oil ' , of 11 g they ate only 7 or 8 g 
addition of metlnonme, appetite rapidly 


DISCUSSION 

The reoogmtion of the protem m our case was based 
on the climcal diagnosis and on its giving the classical 
reactions on heatmg The saltmg-out and electro- 
phoretic properties mdicated that about 90 % of the 
material consisted of a smgle component Nearly all 
the protem was precipitated withm the concentra- 
tion range of 38-46% saturation with regard to 
sodnun sulphate (Figs 2 and 3) The saltmg-out 
curve with zme sulphate of the less soluble fraction 
(Fig 4) fully confirmed that the upper pomt of 
inflexion was as sharp sis has been drawn and that the 
upper part of the curve was a straight hne 

With regard to the chemical composition of the 
protem, the paper chromatograms (Fig 6) clearly 
displayed the many ammo-acids present m the acid 
hydroly^te All the ‘essential’ or ‘mdispensable’ 
ammo-acids (Rose, 1938) were found with the 



Fig 8 Growth curves m second rat expenment Before 
arrow A aU rats received casern as sole source of protem 
Rats 1 and 2 contmued to receive casern thronghout the 
expenment After A and until the end of the expenment 
rats 3-6 received an eqmvalent amoimt of Bence-Jones 
protem instead of the casern Between arrows A and 
B ratsS and 6 received the methiomne supplement, at B the 
supplement was transferred to rats 3 and 4 The weights 
of the rats at the beginning and end of the experiments 
are shown on the curves The six rats were htter mates 

notable exception of methiomne The latter could 
not have been present to the extent of more than 
0 2 % or it would have been detected by this highly 
specific techmque In addition, the common ‘non- 
essential’ (or ‘dispensable’) ammo acids were all 
found except hydroxyprohne Compared with those 
obtamed from a casern hydrolysate these chromato- 
grams showed the presence of much higher relative 
amounts of serme and threomne In this feature the 
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protem sliows some resemblance to the y-globulm 
of human serum (Brand, Kassell & Saidel, 1944) 

The feeding experunents with rats confirmed 
closely the chromatograpluc results As would be 
expected from the complete absence of an essential 
ammo acid the Bence -J ones protem faded to support 
growth or even to mamtam the body weight of 
the animals Supplementation, however, with the 
amount of methiorune contamed m the same weight 
of casern enabled growth to occur almost as well as 
m the control rats fed with casern as sole source of 
protem (Figs 7 and 8) The other essential ammo- 
acids must therefore have been present m adequate 
amoimts Glynn, Bimsworth & Neuberger (1945) 
describe experiments m which rats were fed pure 
ammo acids m place of protem Some of their 
diets were otherwise very similar to ours They 
showed that a mixture of ammo acids of the com- 
position of a casern hydrolysate which promded dady 
only 8 mg of methiorune, instead of the required 
23 mg , allowed appreciable growth m the rats. 
The loss of weight on the unsupplemented Bence- 
Jones protem diet is therefore further evidence that 
there was much less than 8 mg of methionme m the 
dady allowance of about 0 8 g of protem, i e much 
less than 1 % of methionme m the protem 

The two mdependent quantitative clienucal 
methods also faded to detect any metluonme m the 
protem The nucrobiological assay led to the same 
result More exactly, the latter showed that there 
could not have been more than 0 02 % of methionme 
m the protem If this maximal amount were actually 
present m the protem it woidd demand a minimum 
molecular weight of 660(000 for Bence-Jones protem 
which IS far higher than the figure of about 36,000 
generally accepted by most workers (Svedberg & 
Sjogren, 1929) 

The material thus belongs to that small group of 
proteins devoid of metluonme (e g msulm, tobacco 
mosaic virus) and differs conspicuously m this 
respect from the proteins present m normal plasma 
(Brand et al 1944) Only three other analyses for 
methionme m Bence-Jones protem have been foimd 
m the hterature (Table 1) The results of these do 
not agree with ours or with each other The methods 
used are, however, either not mentioned or else are 
now not accepted as satisfactory, nor were any of the 
results checked by mdependent methods as m the 
present work In view of these facts and of the 
possible differences between different samples of the 
protem, we thmk, therefore, that these results m no 
way detract from our findmgs that the Bence J ones 
protem, at least m our particular case, contains no 
methionme All the other ammo acids, except for the 
biologically unessential hydroxyprolme,were present 
Our findmgs support strongly the work of Abder- 
lialden (1940) who claims, as have others before Imn, 
that Bence-Jones protem is qmte distmct from 
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protems of normal human plasma The physico 
chenucal and immunological differences between 
different samples of the protem such as have been 
shown to occur by other workers (Hewitt, 1929, 
Abderhalden, 1940, Hektoen & Welker, 1940) still 
remain a puzzhng feature However, if the absence 
of methiorune is confirmed m pure samples excreted 
by other patients a most defimte pomt of similarity 
will be available, which may become useful for 
purposes of identification 

The above facts may be of significance m regard 
to the aetiology of the disease The urmary protem 
has been shown to be present m the plasma of 
myeloma patients (Kydd, 1934, Moore, Kabat-<5L 
Gutman, 1943, Blackman, Barker, BueU & Davis, 
1944) and there is some evidence that the plasma 
cells may be the seat of its formation (Slartm, 
1947) In our case (and m one reported by Hewitt, 
1929) there was a disease process at work resultmg m 
the formation, by a very ill man, of at least 30- 
40 g /day of a fairly pure protem The output of 
urmary protem was mdependent of changes m the 
diet and chmcal condition of the patient, even bemg 
imaffected by addmg to his diet 60 g of lus own 
Bence-Jones protem, and it was mamtamed at tins 
level over a period of months For the reasons stated 
above, this protem was either foreign to the body or 
else present normally m only undetectably small 
quantities Such a situation cannot be explamed as 
an overaction of a normal process such as could occur 
as the result of excessive stimulation or of mahgnant 
change For puiqioses of comparison, the rate of 
formation of other body protems can be discussed 
A healthy dog under the best conditions of diet and 
vmder maximal stimulus of hypoprotemaemia can 
produce some 10 g /day of nuxed plasma proteins 
(Whipple, 1948) A human bemg with a hver weight 
4 tunes greater could be expected to produce under 
similar optimal conditions 40 g /day In severe 
neplirosis, the disease m which the largest pro 
temurias occur, it is rare for more than 30 g /day to 
be excreted and this may be largely serum albiunm 
The total protem formation m the regenerating rat 
hver, which grows much faster than most mahgnant 
tumours (Brues & Drury, 1936) is only about 60 mg / 
100 g body weiglit/day under the best conditions 
and durmg the peak growth period At this rate the 

healthy humansubjectof 70 kg couldproduce about 
40 g /dayofhverprotems, but there is stiU no analogy 
here for the production of similar amounts of a smgle 
protem constituent The other theories also put 
forward (summarized by Calverj'' & Freyberg, 1935) 
likewise cannot explam the facts 

The tentative suggestion is, therefore, put forward 
that multiple myelomatosis is due to invasion of the 
body by a virus winch hves and multiplies m the 
plasma cells of the bone marrow It is assumed to 
stimulate their growth as is the case with the white 
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cells m fowl leukaemia It is further suggested that 
the Bence-Jones protem, when combmed with nucleic 
acid m the plasma cells, is the virus itself 

This suggestion would be quite compatible with 
our knowledge of viruses Tobacco mosaic virus, for 
instance, can multiply very rapidly almost up to the 
moment when the leaf dies, by which tune the bulk 
of the total protem is m the form of virus protem 
(Stanley, 1937) Markham, Mathews & Smith (1948) 
have shown that the yellow mosaic virus growmg m 
tlie turnip can produce protem free from nucleic acid 
as well as its own nucleoprotem Such work as haa 
been done on animal viruses shows a more complex 
mechamsm as several protems, physicochermcally 
distmgmshahle from each other, may be produced 
by the one virus 

It may be relevant to allude here to the work of 
Snapper & Schneid (1946, 1947) and of Snapper, 
Jlirsky, Rib, Schneid & Rosenthal (1947) They have 
shown that administration of stdbamidme to 
patients with myelomatosis may produce a tem- 
porary chmcal improvement Durmg the treatment 
tlie plasma cells may show the presence of basophil 
mclusion bodies winch they mterpret eis resulting 
from the reaction between the stilbamidme and a 
‘foreign nucleoprotem’ present m the cells It 
appears to the present writers that this could be the 
iTTus m question Inclusion bodies of this type may 
also be found m proved virus diseases (Fmdlay & 
Ludford, 1926) 

Further support for this theory comes from the 
fact that virus proteins, so far as they have been 
analyzed to date, are usually methio nin e free (Block 

Bolhng, 1947, p 304, Chandler, Gerrard & dn 
Vigneaud, 1947, Kmght, 1947) 


SUMMARY 

1 A case of multiple myelomatosis is described 
m which Bence-Jones protemuna was found 

2 The average daily output of protem was about 
36 g The output was not mcreased on addmg 60 g 
of the protem to the usual diet 

3 A saltmg-out curve suggests that the protem 

consisted of two constituents m the proportion of 
about 90 and 10 % On electrophoretic analysis it 
gave one shghtly asymmetrical peak which migrated 
vnth fibrmogen ' 

4 The protem was shown to he free of methiomne 
by paper chromatographic, rmcrobiological, bio- 
logical and two different chemical methods The 
hydiolyBate of protem, on obromatograpVno analysiB, 
showed the presence of aU the other common eumno- 
acids, except hydroxyprohne When supplemented 
with methionme, the protem was simdar to casern 
m its abihty to support the growth of rats 

6 A new spot test for cystme is described 

6 The quahtative and quantitative data pre 
sented are considered mcompatible with the view 
that this Bence Jones protem is synthesized by the 
body tissues Them similarity to those m certam 
virus diseases is mdicated, and it is suggested that 
multiple myelomatosis could be explamed as a virus 
mfection and the abnormal urmary protem as a con- 
stituent protem of that virus 

The wnters wish to thank Prof H P Pbrnsworth, Prof 
C Bumngton and Di M Rosenheim for their great mterest 
and encouragement, Dr J Q Heathcote for the micro 
biological assay and Dr E L Alhng for the eleotrophoretio 
studies 
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The Fate of Certain Organic Acids and Amides in the Rabbit 

7 AN AMIDASE OF RABBIT LIVER 
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AOT) W V THORPE 
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{Received 16 November 1948) 


In an earlier investigation in this laboratory (Bray, 
James, Ryman & Thorpe, 1948) it was shown that 
extracts of rabbit hver are capable of hydrol 5 czmg 
the carbamyl group of several carboxyhc acid 
amides, notably p-mtrobenzamide The results of 
this study are summarized m Table 1 Subsequent 

Table 1 Hydrolysis of amides by rabbit-liver 
extract at pH 7 4 


Percentage hydrolysis 


Amide 

r 

After 10 hr 

At eqmhbmun 

Benzarmde 

24 

46 

0 Hydroxybenzamide 

0 

0 

m Hydroxybenzamide 

0 

1 

p Hydroxybenzamide 

3 

6 

0 Ammobenzamide 

6 

9 

m Ammobenzamide 

2 

7 

p Ammobenzamide 

3 

13 

0 Nitrobenzamide 

13 

23 

m Nitrobenzaimde 

16 

31 

p Nitrobenzamide 

73 

82 

0 Bromobenzanude 

4 

21 

Formamide 

0 

0 

Acetanude 

1 

2 

Propionamide 

14 

26 

Phenylacetamide 

6 

10 

Nicotmamide 

8 

13 

Asparagme 

30* 

— 

Glutamme 

22* 

— 


* Equihbnum reached 


mvestigations have shown that, m most cases, and 
especially with aromatic amides, these results are m 
good agreement with those obtamed with the mtact 
animal (see Bray, Thorpe & Wood, 1949) 

The enzyme responsible for this reaction may be 
mcluded m the group of enzymes often termed 


‘amidases’ Smce the most convenient substrates 
so far exammed are p-mtrobenzamide and benz 
amide, it is convement to refer to it provisionally as 
a benzamidase It should be emphasized that the use 
of this term does not necessarily imply identity with 
the benzamide-synthesizmg enzyme called benz 
aimdase by Waelsch & Busztm (1937) We have 
found that rabbit hver extracts also hydrolyze 
certam ahphatic amides (e g propionamide (Table 1) 
and, more readily, butyrarmde and valerarmde), but 
■we have not yet sufficient e'vidence to say whether 
or not these compounds are hydrolyzed by the same 
enzyme as the aromatic amides 

It was, therefore, of mterest to mvestigate the 
relationship of the benzarmdase to the known 
amidases Enzymes have been described winch 
hydrolyze compounds contammg a simple or sub 
stituted carbamyl group, thus 

R' CONHR' + HsO-^R' COOH+NH, B’ 

Thus glutammase and asparaginase, which hydrolyze 
respectively the monoamides of glutamic and 
aspartic acids (glutamme and asparagme) are 
atmdases actmg upon substrates m which iJ' is H 
Hippuncase (lustozyme) hydrolyzes hippunc acid 
(J?'=C*Hb, E'' = CHa COOH) to benzoic acid and 
glycme Deacetylases which hydrolyze acetamido 
compounds (J?' = CH 3 , R° = CgHs , CHj COOH, etc ) 
may also be regarded as amidases Tliere is the 
further possibdity that some peptidases or proteases 
which hydrolyze the ‘peptide ’ link might be capable 
of hydrolyzmg amides In the above mentioned 
study (Bray etoZ 1948) itwas observed that, although 
pepsm and trypsm were ■without action upon the 
amides studi^, papam hydrolyzed hippuramide 
readily and benzamide to a slight extent 
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Tlie literature dealing with these amidases is in 
some cases very extensive some of the findin gs of 
earlier workers are summarized m the following 
section 


Asparaginase This enzyme has been shown to he present 
m tissues (e g calfhver, Suzuki, 1936), bacteria (e g Shibata, 
1904, Dox, 1909, Utzmo <L Imaizumi, 1938) and yeast 
(Geddes & Hunter, 1928, Grassman & Mayr, 1933) The 
optunum pH as detenmned by some of these workers hes 
between 7 and 8 I Geddes & Hunter stated that yeast 
asparagmase hydrolyzed glutamme, but not sahoylamide, 
propionamide, acetamide or formamide Grassman & Mayr 
showed that a partially punfied preparation from the same 
source did not attack glutamme, acetamide or propionamide 
Utzmo Imaiznmi found that bacterial asparagmase de 
acylated some acyl denvatives of asparagme 

Glutaminase Krebs (1936) states that there is more than 
one glntammase, differing pnncipally m optimum pH’s one 
13 found m bram and kidney and another m hver Extracts 
of these tissues hydrolyze, hut synthesis may occur m shces 
The enzyme was found to he highly specific and would not 
hydrolyte asparagme Further evidence to the effect that 
glutammase and asparagmase are distmct enzymes was pro 
vided by the fact that the ratio of glutammase activity to 
asparagmase activity was not constant for different tissues 
Arcbbald (1944) also found that dog kidney had no action 
on asparagme 

Hxppuncase (Jiistozyme) Active preparations of this 
enzyme have been obtamed from various tissues by Mutch 
(1912), Smorodmzew (1922), Tamura (1923-4), Takahashi 
(1929), Kuuura (1928-9) and So (1930) It )i&s also been 
obtained from takadiastase (e g by Blagowestschenski & 
Nikolaeff, 1935, Ellis & Walker, 1942) Smorodmzew’s pre 
parations hydrolyzed also homologues of hippuno acid and 
some other compounds moludmg acetylglycme while those 
of Tamura attacked dibenzoyl n-tyxosme and -L cystme 
kimura’s preparations deaoetylated acetylglycme So ( 1930) 
reported that his preparations did not hydrolyze henzanude, 
while those of Ellis & Walker were without action towards 
aromatic acetamido compounds and benzamide and 
acetamide 


I>eacely}ase Deacetylation by tissues in intro has been 
•kmonstmted by several workers Kohl & Flynn (1940) 
a owed that rat hver will deacetylate N acetylsulphanila- 
e Jlichel, Bemheim & Bemheun ( 1937) showed that dog, 
m, rabbit and ox hver and rat kidney readily deaoetylated 
ewtambde They concluded that the enzyme was not 
1 cntical with hippuncase Krebs, Sykes & Bartley (1947) 
pigeon hver and sheep kidney and hver deacetyl- 
^ 1 acetylsulphamezathme The experiments of Smoro 

uzew (1922) and Kimura (1928-9), on the deacetylation of 
P atic acetamido compounds in vitro, have already been 
Mentioned 


^ae peptidases and proteases Utzmo (1928) found that 
rabbit hver and pig kidney extracts hydrolyzed 
ous dipcptides, mcludmg glycylgl3mme The chief tissue 
19'^T''*^ appears to be cathepsm (Wdlstfitter & Bamann, 
Pent 1 ^ ® mixture of several enzymes, mcludmg 

pH i' (^^ton,Irvmg L Bergmann, 1941) Its optimum 
and it IS beheved to be mactive at pH 7 

IVaclsch &, Busztm (1937) reported the 
l'caza''^H'^ Porse kidnoj of an enzyme which S3Tithesized 
PP 0 from benzoic acid and ammoma at pH 7 3 


Borsook & Duhnoff (1940), however, were unable to demon- 
strate conjugation of benzoic acid under their conditions 
Waelsch & Busztm also stated that benzamide was hydrolyzed 
by horse kidney 

Nicotinic acid amidase The hydrolysis of mcotmamide has 
been demonstrated m man by Johnson, Hamilton & Mitchell 
(1946) and m the gumea pig and rabbit by Ellmger & Abdel 
Kader (1948) The hver extracts which we used m our earher 
study (Bray et al 1948), hydrolyzed meotmamide to the 
extent of 13% at eqmhbniun (see Table 1) 

It IS clear from the foregomg that the benzamidaae 
with which we are concerned bears several pomts of 
resemblance to previously described enzymes in 
this paper we report upon the distribution of some 
of these enzymes m the tissues of different species, 
together with their stabdity towards various treat- 
ments From the results obtamed it seems probable 
that the benzamidase is not identical with any of 
these enzymes 


METHODS 

Materials The Bubstrates used were benzamide (Bntish 
Drug Houses Ltd), p mtrobenzamide (prepared from 
p-nitrobenzoyl chlonde (Bntish Drug Houses Ltd ) and 
ammoma), glutamme (isolated from mangolds by the 
method of Vickery, Pucher & Clark, 1936), asparagme (Ashe 
Laboratones, Ltd ) , acetylglycme (prepared by the method 
of Radenhausen, 1896) , mcotmamide (Bntish Drug Houses 
Ltd 1 and glyoylglycme hydrochlonde (prepared by the 
method of Fischer & Fonmeau, 1901) Phosphate buffer 
(0 2 m, pH 7 4) was used unless otherwise stated The veronal 
buffer used m certam experiments contamed sodium diethyl 
barbiturate (0 1 M, 6 81 voL) and HCl (0 1 M, 4 19 vol ) Aoid- 
washed sand (Bntish Drug Houses Ltd ) was used m the 
preparation of tissue extracts 

Extracts The rat, rabbit or gumea pig was killed by a blow 
on the back of the neck and immediately bled. The organs 
required were removed, thoroughly ground with sand and 
then mixed with water, 1 5 times the ongmal weight m the 
case of hver, 3 tunes with kidney and 6 tunes with hram The 
resultant breis were centrifuged and the supernatant hqmd 
decanted and used immediately The cat and dog tissues were 
obtamed from nembutal anaesthetized animals The horse 
kidney amved at the laboratory about 1 hr after the death 
of the animal 

Digests Tissue extract (10 ml ) was added to the solution 
of the substrate (0 00687 m) m buffer (50 ml ) Chloroform 
was added as preservative and mouhation earned out at 
37 4° In each experiment a control consisting of buffer and 
tissue extract without substrate was mcluded 

Methods of estimation The hydrolysis of the substrates was 
detenmned by measurement of the mcrease m acidity using 
the formol titration techmque previously desenbed (Bray 
et al 1948) In addition, wherever practicable, the progress 
of the reaction was also followed by estimation of the NHj 
liberated This was done by transfemng samples of digest 
(4 ml )toaFohn typeaerationapparatus,addmgK^COs(6g ) 

and blowing the NH, present mto a known volume of 
standard acid (0 01 N) Back titration of the acid remammg 
usmg de Wesselow’s mdicator (Cole, 1926), gave an estimate 
of the NH3 hberated Blank estunations were similarly 
made Good agreement was found between the results 
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obtained by tbe two metbods in the case of benzamide, 
j) mtrobenzamide andnicotinamide,butunderthe conditions 
employed for the formol titration, glutamic and aspartic 
acids gave only 64 and 38 % respectively of the theoretical 
increase in titration Even when correction for this was 
apphed, the formol titration for glutamine digests tended to 
give lower results for the degree of hydrolysis than the NH, 
estimation (see the following paper, Bray, James, Baffan 
& Thorpe, 1949) We have used the \alue obtamed by NH, 
estimation as a measure of the degree of hydrolysis of gluta 
mme and asparagme throughout this investigation 

Whilst earher workers (Kimirra, 1928-9, Michel et al 1937) 
used either acetylglycme or acetamlide as substrate in 
determining deacetylase activity, we used both compounds 
m view of the probabdity of the existence of different 
mechanisms for ahphatio and aromatic compounds as already 
mentioned The hberation of anihne from acetanihde was 
determmed by a procedure similar to that of Bratton & 
Marshall (1939) for sulphanilamide m blood Anihne sulphate 
was used as standard 

Control experiments In addition to those referred to above, 
control experiments were earned out m order to determine 
the stabdity of the substrates used to monbation at 37° and 
pH 7 4 for penods correspondmg to those used m actual 
espenments Only glutamine was appreciably unstable, 
undergomg slow spontaneous decomposition to an extent of 
about 28% m 20 hr (see Bray, James, Baffan & Thorpe 
1049) Tins IB m general agreement with the results of 
Hamilton (1946) The effect of this decompositionisnegligible 
when dealing with tissue extracts having high glutammase 


1949 

activity, smee the enzymic reaction is a rapid one, but m 
preparations with lower activity it may yield results which 
are significantly too high 

RESULTS 

Enzymic activity of fresh tissues Table 2 shows the 
percentage hydrolysis of the various substrates by the 
tissues used m 3 and 20 hr The values are the average 
results of the number of experiments mdicated As 
might be expected, there was considerable variation 
m the activities of the extracts of the organs of 
different mdividual ammals The averages give a 
reasonable mdication of the consistent activity of 
the given tissue 

The effect of acetone treatment and precijntating 
agents on the enzymic activity of rabbit and dog liver 

(1) Acetone treatment of rabbit liver (cf Alichel et 
al 1937) Babbit liver (20 g ) was ground with sand 
and water (30 ml) Acetone (160ml) was then 
added, and, after standing for 1 hr , the suspension 
was filtered and the residue washed with acetone and 
dried m air The product was then extracted with 
water (60 ml ) for 1 hr at 0° m the presence of 
chloroform and the mixture centrifuged Acetone 
was added to the supernatant hqmd until preoipita 
tion was complete The precipitate was separated at 
the centrifuge, washed with acetone and finally freed 


Table 2 Enzymic activity of various tissues at pH 7 4 
Average percentage hydrolysis of amides, with number of experiments m parentheses 


■ ' ■ ■ ■■ ■ “ - I--— ■ 

Time p Nitro Gluta • Acetyl Nicotma- Glycyl 

Tissue (hr ) benzamide Benzamide mme* Asparagme glycme Acetamhde mide glycine 


Rabbit hver 

3 

(21) 

42 

(5) 

15 

(8) 

46 

(2) 

32 

(4) 

44 

(2) 

23 

(1) 

0 

(2) 

66 


20 

(24) 

74 

(6) 

44 

(10) 

62 

(5) 

33 

(4) 

86 

(4) 

26 

(2) 

6 

(2) 

76 

Gumea pig hver 

3 

(3) 

5 

(3) 

5 

(6) 

20 

(6) 

61 

(1) 

100 

(2) 

28 

(1) 

2 

— 

• — 

20 

(3) 

11 

(3) 

14 

(4) 

38 

(4) 

79 

(2) 

100 

(2) 

79 

(1) 

2 

— 

■ 

Rat hver 

3 

(6) 

4 

(6) 

2 

(6) 

31 

(3) 

43 

(4) 

63 

(2) 

32 

— 

— 

(2) 

18 


20 

(6) 

9 

(6) 

4 

(5) 

66 

(3) 

49 

(4) 

82 

(3) 

64 

— 

— 

(2) 

25 

Cat hver 

3 

(1) 

4 

(1) 

2 

(1) 

3 

(1) 

7 

(1) 

24 

(1) 

3 

— 

— 

— 

— 


20 

(1) 

12 

(1) 

2 

(1) 

37 

(1) 

16 

(1) 

76 

(1) 

23 

— 

— 



Dog hver 

3 



— 

— 

— 



— 

— 

— 

(2) 

4 

(3) 

21 

— 

— 

— 

• — ■ 

20 

(2) 

36 

— 

— 

— 

— 

— 

— 

(3) 

6 

(3) 

63 

— 

— 



Rabbit kidney 

3 

(4) 

13 

(4) 

0 

(4) 

66 

(4) 

0 

(3) 

66 

— 

— 

— 

— 

(2) 

81 

Q7 

20 

(4) 

16 

(4) 

2 

(2) 

87 

(4) 

4 

(3) 

83 

(3) 

14 

(2) 

6 

(2) 


Gmnea pig kidney 

3 

(3) 

0 

(3) 

0 

(4) 

39 

(4) 

30 

(1) 

76 

(2) 

6 

III 

0 




20 

(3) 

0 

(3) 

0 

(6) 

63 

(4) 

44 

(2) 

96 

(2) 

9 

(1) 

0 



Rat kidney 

3 

(3) 

2 

(2) 

2 

(2) 

97 

(2) 

23 

(2) 

68 

— 

13 

(3) 

1 

— 


20 

(3) 

1 

(2) 

3 

(2) 

97 

(2) 

24 

(2) 

97 

(2) 

(3) 

9 



Cat kidney 

3 

(1) 

0 

(1) 

0 

(3) 

70 

(1) 

2 

(1) 

31 

(1) 

23 

— 

— 

— 

— ~ 

20 

(1) 

10 

(1) 

0 

(3) 

86 

(1) 

2 

(1) 

77 

(2) 

47 


■ 



Dog kidney 

3 

20 

— 

— 

— 

— 

— ■ 

z 


— 

(1) 

(2) 

36 

96 

(1) 

(1) 

9 

12 

z 

— 

— 

— 

Horse kidney 

3 



— 

(1) 

0 

(1) 

71 

(!) 

4 

(1) 

53 

— 

— 

— 

— 



— 

20 

(1) 

5 

(1) 

0 

(1) 

88 

(2) 

10 

(1) 

79 

— 

— 





Rabbit bram 

3 

(2) 

0 



— 

(5) 

81 

— 

— 

■ — 

— 

— 

— 

— 

— 




20 

(2) 

0 

— 

— 


— 

— 

— 



— 

— 

— 






* Values calculated from actual titrations, not corrected for spontaneous decomposition (see Bray, James, Baffan 
& Thojpe, 1949) 
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from solvent by leaving overnight tn vacuo at 
ordinary temperature In this way a fine powder 
(1 4 g ) was obtamed Before use it was suspended 
m water (25 ml ) andmcubated at 37 4° for 1 hr The 
activity of the preparation towards the various sub- 
strates was then detemuned in the usual way The 
results are sununanzed m Table 3 winch also shows 
the activity of the corresponding fresh tissue It is 
endent that only the ahphatic deacetylase activity 
IS retamed to any appreciable extent 


(3) Saframne prec%pitat%on Fractionation of the 
hver extract by precipitation with saframne was 
earned out according to the method of Geddes 
& Hunter (1928) To the rabbit-hver extract (SOml ), 
prepared as previously desenbed, an aqueous 
solution of safranme (30 ml , 0 6 %) was added The 
precipitate formed was separated by centnfugmg 
and washed twice with water It was then re- 
suspended m water (30 ml ) and the activity of the 
suspension towards p-mtrobenzamide, benzamide. 


Table 3 Effect of acetone treatment and of precipttaiion on the enzymic actimty of liver 


Percentage hydrolysis of 


p Nitrobenzamide Benzamide Glutamme Asparagme Aoetylglycme Acetamhde 


3 hr 

(1) Eabbit hver, acetone treatment 

20hr ' 

3 hr 

20 hi 

3 hr 

20 hi 

3 hr 

20 hi 

3 hr 

20 hr 

3 hr 

20 hr 

Activity of firesh extract (a) 

62 

72 

— 

— 

17 

47 



25 

62 

69 

35 

42 


(6) 

39 

95 

— 

— 

38 

88 

— 

— 

— 

— 

— 

— 


(c) 

— 

— 

— 

— 

— • 

— 

37 

37 

60 

98 

8 

18 

Activity of dned hver 

(a) 

10 

20 





0 

33 

0 

0 

84 

84 

0 

0 


(6) 

10 

10 

— 

— 

0 

28 

— 

— 



— 

— 

— 

(c) 

(2) Acetic acid precipitation 







4 

0 

62 

82 

0 

0 

Activity of fresh extract (a) 

44 

86 

— 



— 

— 

— 

— 



— 

— 

— 


(t) 

65 

100 

— 



— 

— 

— 

— 

— 

— 

— 




(c) 

31 

100 

12 

24 

29 

68 

— 

61 



_ 





id) 

— 

80 

— 

40 

— 

78 

— 

30 

62 

91 

— 

— 


(fi) 

• 

— 

— 



38 

88 

— 

— 

— 








if) 

— 

— 

— 

— 

76 

100 

43 

36 

— 



— 



Activity of precipitate 

(a) 

43 

79 











- 



- 

_ 


(b) 

67 

100 

— 

— 

— 

— 


— 



_ 






(c) 

42 

79 • 

10 

19 

12 

40 

— 

37 

— 








(d) 

— 

88 

— 

44 

— 

49 

— 

10 

0 

67 

— 

— 


(e) 

— 

— 

— 



7 

36 



— 

— 

— 

— 



(3) Saframne precipitation 

(/) 



— 

■ 

51 

100 

43 

49 


— 

— 

— 

Activity of fresh extract (a) 

40 

47 

14 

17 

24 

100 

24 

33 







(6) 

33 

76 

6 

18 

76 

100 

43 

35 








Activity of precipitate 

(a) 

33 

69 

2 

30 

21 

73 

23 

36 





hog hver 

(b) 

36 

63 

7 

13 

23 

99 

46 

49 

— 

— 

— 

— 


Activity of fresh extract 

Activity ofacetone treated hver 

i actual titrations, not corrected for spontaneous decomposition (see 


2 

0 


15 22 57 
0 0 0 

Bray, James, Raffan 


igS (cf Geddes & Hunter, 

tire i'^ aqueous rabbit-hver extract, prepared as 

adjusted to pH 4 6 by the 
Ltd ^'*4^-° (usmg British Drug Houses 

sonaraieu The precipitate formed was 

fiisnpnH A ^ ®®^^’^*Itiging, washed with water and 
onmn 1 volume of water equal to that of the 

fotnird actmty of tins suspension 

result substrates was then determined Tlie 
Ptvcin TT ^ Table 3 It can be seen that the 
benzanudase actmty to- 
'^T'rnumie * abihty to hydrolyze glutamme and 


glutamme and asparagme was compared with that 
of the fresh extract Ammoma estimations were used 
smee the colour of the digests mterfered with the 
end pomt of the formol titrations The results are 
recorded m Table 3 It is clear that the saframne 
precipitate retamed almost completely all the 
enzymic properties mvestigated 

(4) Acetoneztreated dog liver This was prepared m 
the same way as the rabbit-hver preparation It is 
seen that the aromatic deacetylase activity is 
destroyed b3’- acetone treatment as m rabbit hver 
Unlike rabbit hver, dog hver has feeble ahphatic 
deacetjdase activity even when fresh 
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H^ppurtcase actimty The hippuricase activity of 
rabbit liver was examined by mcubatmg the extract 
(10 ml ) with 0 OOOSTia-hippuric acid m phosphate 
buffer pH 7 4 (60 ml ) Samples were withdrawn at 
mtervals and the acidity measured by means of 
a formol titration In each experiment the benz- 


0 00687m solutions (60 ml) of p mtrobenzannde, 
glutamme, aspar^gme and acetylglycme m phos 
phate buffer pH 7 4 A second similar set of digests 
was set up with rabbit hver extract which had been 
heated at 60° for 30 mm The results are given m 
Table 6 


Table 4 Enzyrmc adtmty of dried hog hidney 


Tune (hr ) 

19 

23 

44 

68 


Percentage hydrolysis of 



— 0 — 0 60 76 16 

0 — 28* 0 _ _ _ 

16 0 — — 71 79 — 


92 


* This value would be accounted for by the spontaneous decomposition of glutamme 
1949 ) 


(see Bray, James, Raffan & Thorpe, 


amidase activity was determmed by mcubatmg a 
digest contaming p-nitrobenzamide No hydrolysis 
of hippuric acid occurred m 48 hr usmg extracts 
which hydrolyzed p mtrobenzamide to extents 
varymg from 48 to 86 % m 24 lir Whilst the optimum 
pH of tissue hippuricase has been reported as 
6 4-7 2 (Eomura, 1928-9) and 6 8-7 0 (So, 1930), 
that from takadiastase, which heis frequently been 
used as a source of hippuricase, has been recorded as 
6 4r~5 8 (EUis & Walker, 1942), and 8 0 (Blagowest- 
sohenski & Nikolaeff, 1936) Rabbit hver extract 
was, therefore, also mcubated with hippunc acid m 
buffer solution pH 5 9, but no hippuricase activity 
could be detected (Actually we could detect no 
hippuricase activity m the specimens of takadiastase 
(Parke, Davis and Co ) available to us ) Itwasfoimd, 
however, that dried hog kidney constituted a con 
vement source of hippuricase the material used was 
a desiccated and defatted commercial preparation 
(Viobm Corp , Monticello, Ulmois, USA) The pre- 
paration (10 g ) was mcubated with water (100 ml ) 
overnight at 37 4° m the presence of chloroform The 
filtered extract (10 ml ) was then added to 0 00687m- 
solutions of each of the substrates m phosphate 
buffer (60 ml ) pH 7 4 A mixture of extract (10 ml ) 
and buffer (60 ml ) was used as control Incubation 
of the digests was earned out m the usual way emd 
the course of the reaction followed by formol 
titrations and ammoma estimations where appro 
pnate The results of a t3q)ical experiment are given 
m Table 4 other experiments gave similar results 
It IS evident that the extract of dried hog kidney 
possessed marked hippuricase and ahphatic de 
acetylase activity It hydrolyzed acetamhde to 
a shght extent, but had negligible hydrolytic effect 
on p mtrobenzamide, benzanude, glutamme and 
asparagme 

Effect of heat on enzyrmc actimty of rabbit-liver 
extract Rabbit-hver extract (10 ml ) was added to 


The benzamidase and asparagmase activities were 
not greatly affected by the heat treatment the 
ahphatic deacetylase activity appeared to be reduced 
to some extent, smee hydrolysis of acetylglycme 
proceeded more slowly with the heated extract, but 
glutammase activity was completely destroyed The 
values of 25 and 27 % hydrolysis m Table 6 are 
regarded as bemg due to spontaneous decomposition 
(see Bray, James, Raffan & Thorpe, 1949) 


Table 6 Effect of heating at 60° on the enzymic 
activity of rabbit liver extracts 

(F=freah extract, H cheated extract ) 
Percentage hydrolysis of 


p Nitro 


Acetyl 


benzanude Glutamme* Asparagme glyome 

/ > t ^ \ ^ ^ 

FHFHPHPH 


Time , 
(hr) 

f 

F 

H 

t 

F 

K 

H 

F 

K 

H 

Exp 1 

1 

20 

9 

2 

2 

28 

17 

20 

37 

49 

41 

26 

32 

24 

Exp 2 

1 

23 

20 

— 

0 

12 

6 

36 

24 

24 

6 

10 

14 

28 

21 

41 

27 

42 

27 

— 

34 


* These values have not been corrected for qiontaneons 
decomposition (see Bray, James, Raffan & Thorpe, 1949) 


Eervzamidase and glutaminase actimty of rabbit- 
liver extracts in phosphate and veronal buffers at 
pH 7 4 Greenstem and his collaborators (Carter 
& Greenstem, 1947, Greenstem & Leuthardt, 1948) 
have reported that the phosphate ion enliances the 
activity of hver glutammase We have found that 
benzamidase is also more active m phosphate buffer 
The results of two experiments comparmg the 
activity of benzarmdase and of glutammase m phos- 
phate a 'd veronal buffers at pH 7 4 are shown m 
Table 6 
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Table 6 Ben»»«toe avi glnlamM ^ 

pH 7 4 Percentage 

hydrolysis* after 

^1'' Setatot. Baser 

1 J N.»be».m.d, 

Glutamine Veron^ 

Phospnate 

2 n Nitrobenzamide Veronal 

^ Phosphate 

Glutamine Zf v 

Phosphate 

♦ These values have not been corrected ftr spontaneous 
d,„S2bea (.e. E»y, J.me., EaSan S Therpe, 1849) 

DISCUSSION 

The results of the foregoing experanents are s^- 
manzed m Tables 7 and 8 Tlie symbols used to 
indicate the degree of enzymic activity must per- 
force be somewhat arbitrary They have been 
allotted takmg mto consideration all the results 


AMTDASE of babbit liver , 1 

loWft The SYUibol 0 is used for results which are 
■"Tbrn the eXmental error of the t.trot.one 

^ally lees than 6%), ? for results which ate very 

hydrolysis m -iO nr h -t- r wQguifca over 

“r r?.ra:&:tsirorJheast— 

liver are the only ones of those studied which effect 

considerablehydrolysis of p-mtrobe^atmde orben - 

amide Tlie benzamidase activity of guinea p g, 
and cat livers is very sbgbt Enzymes J . 

lyse asparagme, acetylglycme and ^ ^ 

considerable extent are present m rabbit, 
and rat hvers The glutammase activity of rabbit 
liver is greater than that of the others and on the 
basis of distribution it might be considered identi^l 
vnth benzamidase The distribution of activity m the 
kidney extracts is, however, different GlutaminMe 
IS present m aU the fresh extracts, whereas the 
benzarmdase activity is feeble or absent It seems 
reasonable to conclude that benzamidase is not 
identical with asparagmase and the deacetylases of 


8 

12 

20 

28 

19 

30 

42 

43 

0 

46 

11 

17 

11 

23 

35 

41 

13 

21 

23 

23 

28 

48 

68 

82 

8 

16 

20 

20 

33 

54 

79 

98 


Table 7 Emyrmc aciimty of extracts of hver, kidney and brain 
(0 indicates neghgible, ? low, + moderate and -b + high activity ) 


Substrate 


T’Nitro- 

benzamide Benzamide Glutamme* Asparagine glyome 


Aoet- Hippuno Nicotm- Glycyl- 
anihde acid amide glycine 


Rabbit liver 

+ -b 

+ + 

-b -b 

■b “b 

+ 4- 

Gumea pig bver 

7 

7 

-b 

-b + 

-f + 

Rat bver 

7 

7 

-b 

+ -b 

+ 4* 

Cat bver 

7 

0 

7 

+ 

4- + 

n 

Dog bver 

+ 




I 

Rabbit kidney 

•b 

0 

+ -b 

0 

+ -b 

Gumea pig kidney 

0 

0 

"b 

-b "b 

+ -b 

Rat kidney 

0 

0 

+ -b 

+ 

-! — b 

Cat kidney 

V 

0 

-b -b 

0 

+ + 

Dog kidney 





H — b 

Hog kidney (dried) 

1 

0 

0 

0 

-b -b 

Horso kidney 

0 

0 

+ + 

7 

-b + 

Rabbit bram 

0 


+ + 




+ 

-t- + 
+ + 
+ 

+ + 

T 

? 

7 

+ + 
? 
+ 


0 


? 

0 


? 

0 

? 


-b + 


-b -b 


BL 

Alanine 

0 


0 


+ + 


bram 0 + + 

* Spontaneous decomposition has been taken mto account (see Bray, James, Bu.ffan & Thorpe, 1949) 
Table 8 Enzymic activity of liver after various treatments 

(Symbols as m Table 7 ) 

Effect upon 


Treatment of rabbit bver 

r 

p Nitrobenzamide 

Benzamide 

Glutamme* 

Asparagine 

Aoetylgly 

Fresh extract 

+ -b 

4- + 

-b + 

+ + 

"b 4- 

Acetone treatment 

7 


0 

0 

+ -b 

Acetic acid precipitate 

-b + 

-b + 

+ -b 

+ + 

4- 4- 

Safranme precipitate 

4- -f 

+ + 

-b + 

+ -b 

Heated at 50° for 4 hr 
Treatment of dog bver 

+ 4- 


0 

-b -b 

+ + 


Acetanihde 

+ 

0 


Fresh extract 
Acetone treatment 


7 

0 


+ + 
0 


• Spontaneous decximposition has been taken mto account (see Bray, James, Raffan & Thorpe, 1949) 
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liver and kidney or with the glutaminase of kidney 
E^ndence for the non-identity of benzamidase and 
brain glutaminase is provided by the fact that bram 
extracts of high glutammase activity do not hydro- 
lyze p mtrobenzamide 

Table 8 summarizes the effect of various treat- 
ments upon the enzymic activities of rabbit hver 
The precipitation methods have clearly failed to 
distmguish between benzamidase, glutammase and 
asparaginase, but acetone treatment and heatmg at 
50° have a more marked effect m reducmg glutami- 
nase activity than that of benzamidase Tins is m 
agreement with Archibald’s (1944) observation that 
glutammase was almost completely destroyed by 
heatmg at 60° for half an hour and differentiates 
benzamidetse from hver glutanamase 

With regard to the possible identity of benz- 
amidase with hippuncase, we were unable to detect 
any hippuricase activity at either pH 5 9 or 7 4 m 
rabbit hver extracts which showed strong benz- 
amidase activity Further, a commercial prepara- 
tion of dried hog kidney which possessed considerable 
hippuncase activity faded to hydrolyze p-mtrobenz- 
amide or benzamide to any significant extent In one 
experiment with horse kidney we were unable to 
detect under our conditions any hydrolysis of benz- 
amide, Waelsoh & Busztm (1937) found hydrolysis 
of benzamide by glycerol extracts of horse kidney 
We did not attempt to repeat these authors’ experi- 
ments on the synthesis of benzamide 

The very feeble activity of rabbit hver towards 
mcotmamide suggests that mcotmic acid aimdase is 
not benzamidase The experiments with glycylgly 
cme showed that, whereas rabbit hver was very 
active in hydrolyzmg this dipeptide, rabbit kidney, 
which had only feeble benzamide activity, was cis 
active towards glycylglycme as was rabbit hver 
This suggests that benzamidase differs from dipepti 
dase The failure of the rabbit-hver extracts to 
liberate ammoma from DL-alamne may bo m- 
terpreted as evidence against a deammase being 
concerned m the reaction 

In a previous paper (Bray et al 1948) we showed 
that, while pepsm and trypsm had no action on 
benzamide, commercial papam (which had no 
dipeptidase activity towards acetylglycme) hydro- 
lyzed the anude to some extent Cathepsm, which 
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IS found especially m hver and kidneys, is stated 
to be inactive at pH 7 4, actmg best between pH 4 
and 6 This renders it improbable that benzamidase 
activity IS due to this protease The amount of acid 
or ammoma liberated from our control digests was 
very small, mdicatmg that there was httle protease 
activity at pH 7 4 

In view of the fact that exact quantitative com- 
parison of activities is not possible m experiments of 
this type, it seems justifiable to conclude that the 
enzyme benzamidase is not identical with any of 
those considered 

ments is the mdication of the existence of two 
deacetylases, one actmg upon acetylglycme and 
another upon acetanihde In hver the distribution 
of the two enzymes is sumlar, except m the dog, which 
has httle aliphatic deacetylase In kidney, however, 
there is clearly greater ahphatic deacetylase activity, 
except m the case of the cat, winch has also a lugh 
aromatic deacetylase activity The distribution of 
the two enzymes m dog kidney is the reverse of that 
m the hver This is m accordance with the suggestion 
made by several workers that the biological acetyla- 
tion processes for aromatic and ahphatic ammo com- 
pounds are different smce the dog is able to acetylate 
the latter but not the former (eg Stekol, 1938, 
Marshall, Cuttmg & Emerson, 1937) 

SmiMARY 

1 A study has been made of the enzymic 
ewtivity of hver and kidney extracts from various 
animals towards benzamide, p mtrobenzamide, 
asparagme, glutamme, mcotmamide, glycylglycme, 
acetylglycme and acetanihde 

2 From the results obtamed it appears probable 
that the enzyme responsible for the hydrolysis of the 
aromatic amides is not identical wnth any of those 
which attack the other substrates 

3 There is evidence for the existence of distmct 
ahphatic and aromatic deacetylases 

The authors’ thanks are due to the Royal Society for 
a Glovemment Grant which defrayed part of the cost of this 
investigation We are indebted to Miss M R Wasdell for 
assistance in some of the confirmatory expenments 



REFERENCES 


Archibald, R M (1944) J btol Chem 154, 643 
Blagowestschenski, A W A NAolaeff, K A (1936) 
Biochetn Z 276, 368 

Borsook, H A Dubnoff, J W (1940) J biol Chem 482, 
307 

Bratton, A C & Marshall, E K jun (1939) J biol Chem 
128, 537 

Bray, H G , James, S P , Raffan, I M & Thorpe, W V 
(1949) Biochem J 44, 625 


Bray, H G , James, S P , Ryman, B E & Thorpe, TV V 
(1948) Btochem J 42, 274 

Bray, H G , Thorpe, W V AWood,P B (1949) Biochem J 
44, 39 

Carter, C E &- Greenstem, J P (1947) J not Cancer Inst 
7, 433 

Cole, S W (1926) Practical Physiological Chemistry, 
Cambndge Heffer 

Dox, A W (1909) J biol Chem 6, 461 



^y^ASE OE RABBIT LIVER 


626 


Vol 44 

EUmger.P & Abdel Kader, M M (1948) Bu>chem J 42, 

E^Tsfe Walker, B S (1942) J bwl 

Fischer, E & Foumeaii, E (1901) Ber dtsch chem 6e^ 

&Bergmaim,M (1941) J bwl 

Geddes, W E & Hunter, A (1928) J biol Chem TI, 

Gm!Lann,W &Mayr,0 (1933) Hoppe Seyl Z ^4,186 
Greenstein, J P & Leuthardt, F M (1948) Arch Btochem 
17 105 

Hanilton,P B (1946) J 

Johnson, B C , Hamilton, T S & MitoheU, H H (1946) 
J hwl Chem 169, 231 

Kimura, H (1928-9) J Btochem , Tokyo, 10, 207 
Kohl, M F F & Flynn, L M (1940) Proc Soc exp Bwl , 
y , 44, 455 

Krebs, H A (1936) Btochem J 29, 1951 

Krebs, H A., Sykes, W 0 & Bartley, W C (1947) Btochem 

J 41, 622 


Marshall, E K jnn , Cutting, W C & Emerson, K (1937) 

MiSH^O,Tenihemi,F & Bemheun, M L C (1937) 

J Pharmacol 61, 321 
Mutch, N (1912) J Physiol 44, 176 
Eadenhausen, E (1896) J prald Ghem B2 433 
Shibata, K (1004) Betlr chm Pyswl Path^, 386 
Smorodinzew, I A (1922) Boppe Beyl Z 124, 123 
So, T (1930) J Btochem , Tokyo, 12, 130 
Stekol, J A (1938) J btol Chem 124, 129 
Suzuki, Y (1936) J Btochem , Tokyo, 23, 51 
Takahashi,M (1929) J Btochem , Tokyo, 10,^51 
Tamura, S (1923-4) Ada Sch med Untv Kioto, 6, 467 
mzmo,S (1928) J Btochem , Tokyo, 2, 

Utzmo, S & Imaizumi, M (1938) Hoppe Seyl Z 2BZ, 51 
Vickery, H B , Puoher, G W & Clark, H E (1936) J btol 

Chem 109, 39 „ , „ 

Waelsch, H & Busztm, A, (1937) Hoppe Seyl Z 249, 

136 

Willst&tter, E & Baumann, E (1929) Hoppe Seyl Z 180, 
127 


The Enzymic Hydrolysis of Glutamine and its 
Spontaneous Decomposition in Buffer Solutions 

B-sr H G BRAY, SYBIL P JAMES, ISABEL M RAEFAN and W V THORPE 
Department of Physiology, Medical ScJi^^ol, University of Birmingham 

{Received 16 November 1948) 


The investigation, of glutammase activity reported m 
the preceding paper (Bray, James, Raffan, Ryman 
& Thorpe, 1949) led us to consider the nature of the 
products of the action of glutammase upon gluta- 
mme The eiudence hitherto presented for these 
bemg glutamic acid and ammoma is mdirect and 
baseduponammoma and ammo rntrogenestunations 
(eg Krebs, 1935, Archibald, 1944, Archibald & 
Hamilton, 1946) As far as we are aware, glutamic 
acid has not yet been isolated from the digests and 
characterized Early m our present mvestigation it 
seemed possible that pyrrohdonecarboxyhc acid 
might be a product of the reaction smce there was 
a discrepancy between the percentage hydrolysis of 
glutamme brought about by tissue extracts as 
measured by formol titration (corrected) and by 
ammonia estimation Such a result could be 
accounted for by the formation of pyrrohdonecar- 
boxjJic acid, which would give rise to the hberation 
of ammoma without an eqmvalent mcrease m formol 
acidity 

H,C CH, H.C CH, 

1 I "II 

OC CH(KHj) COOH oc CH COOH-(-NH, 

Xsh/ 

Biochem 1949, 44 


This would have been m accord with the hypothesis 
of Leuthardt (1940), which was, however, with- 
drawn owmg to failure to isolate pyrrohdonecar- 
boxyhc acid from digests 

The present paper shows that, under certam con- 
ditions, pyrrohdonecarboxyhc acid may be formed 
m glutamme digests as a result of spontaneous 
decomposition 

EXPERIMENTAL 

The methods and matenals used were the same as those 
described m the preceding paper (Bray et al 1949) 
Esttmation of amvno N Samples from the digests were 
deproteinized with sodium tungstate and H^SO^, and the 
ammo N estimated m portions of the protein-free solution 
in the Van Slyke micro apparatus (reaction tune 4 mm ) 
Under these conditions 90% of the N of glutamine was 
hberated and 40 % of the N of ammoma (Hamilton (1946) 
found 38% under similar conditions) Ammoma N was 
estimated on another portion and the appropnate correction 
made to the ammo N values 

RESULTS 

Formol titration of glutamine, glutamic acid and 
pyrrohdonecarboxyhc acid The compounds were dis- 
solved m phosphate buffer pH 7 4 Glutamme and 


40 
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pyrrolidonecarboxylic acid m concentrations up to 
200 mg /lOO ml gave the theoretical titrations 
correspondmg to one carboxyl group/mol Glutamic 
acid, however, m concentrations up to 300mg /1 00ml 
gave consistently low titrations corresponding to 
77 ± 3 % of the theoretical, calculated as eqmvaleut 
to two carboxyl groups In enzyme studies the con- 
version of glutamine to glutamic acid is measured, 
so that the mcrease m titration corresponds to the 
formation of a second carboxyl group The first 
carboxyl group of glutamic acid can be taken as 
titratmg normally, as m glutamme, so that the second 
carboxyl group only titrated to an extent of 64 ± 6 % 
This value has been used to ‘correct’ the formol 
titrations A higher percentage of the theoretical 
titration could be obtamed by increasmg the pH of 
the end pomt by usmg thjmolphthalem instead of 
thymol blue as mdicator, but the end pomt with the 
digests was so difficult that consistent duphcates 
could not be obtamed The ethanol titration method 
(Harris, 1923) was not practicable, owmg to the 
large ddution with ethanol required 
Incubation of glutamine unth tissue extracts Ex- 
tracts of various tissues were mcubated with gluta- 
mine m phosphate buffer at pH 7 4, and the extant 
of hydrolysis of the substrate estimated by both 
ammoma and formol methods Table 1 shows some 
typical results The formol values have been 
‘ corrected’ as described above It can be seen that, 
m experiments m which glutamme was rapidly and 
almost completely hydrolyzed by the very active 
bram extracts (Exps I and 2), there was, con- 
sidermg the imprecise nature of the correction, 
reasonable agreement between the formol tmd 
ammoma values In short term experiments with 
less active extracts (Exps 3 and 4), m which hydro- 
lysis was far from complete, there was an mdication 
that the ammoma values exceeded the formol values 
after 4—6 hr to a significantly greater extent than 
after 1 hr This is shown more clearly m the long 
experiments (nos 6 and 6) In Exp 6 almost com- 
plete decomposition was attamed after 23 hr as 
judged by the ammoma value, although the formol 
method mdicated only 63 % conversion In Exp 6 


with a less active extract the ammoma value after 
22 hr was more than twice the formol value, 
although the extent of the discrepancy m the two 
experiments was the same (eqmvalent to 28 % of the 
glutamme) This amount was the same as that 
obtamed when glutamme was mcubated with boiled 
tissue extract (Exp 7), and corresponded closely 
with the extent of the spontaneous decomposition 
of glutamme m phosphate buffer as described below 

Table 1 Results of incubation of glutamine with 
extracts of various tissues in phosphate buffer 


Percentage hydrolysis 
determined by 





Formol 

> 

Erp 


Tune 

(‘corrected’) 

Ammoma 

no 

Tissue 

(hr) 

method 

method 

1 

Rabbit bram 

0 76 

76 

86 



4 

76 

88 

2 

Rabbit bram 

06 

61 

60 



25 

81 

90 

3 

Rabbit kidney 

06 

11 

23 


1 5 

39 

43 



4 

46 

66 

4 

Rabbit hver 

0 67 

9 

14 



6 - 

26 

46 

5 

Rabbit kidiiey 

36 

64 

61 


23 

63 

91 

6 

Rat hver 

2 

19 

23 



4 

19 

29 



22 

19 

47 

7 

Rat hver (extract 

2 

0 

6 


as m Exp 6, 
heat-maotivated) 

22 

0 

30 


Spontaneous decomposition of glutamine in buffer 
solutions It IS known that glutamme m neutral, 
weakly acid or alkahne solution is readily converted 
to pyrrohdonecarboxyhc acid by heatmg at 100° 
(Cliibnall & WestaU, 1932, Vickery, Pucher, Clarke, 
Chibnall & Westall, 1935, Melville, 1936) This re- 
action at pH 6 6 and 100° is accelerated by the 
presence of phosphate (Hamilton, 1945) It seemed 
desirable, therefore, to examme the efiect of keepmg 
glutamme m a phosphate solution at 37° 


Table 2 Spontaneous decomposition of glutamine in buffer solutions 




Glutamme m 
snbstrate 
(M) 


Percentage decomposition after 

X 


pH 

Buffer 

2 5 hr 

5 hr 

10 hr 

20 hr 

40 hr 

74 

Phosphate 

0 005706 

70 

11 0 

17 0 

26 6 

40 5 

74 

Phosphate 

0 01141 

70 

92 

12 4 

26 0 

41 0 

74 

Phosphate 

0 02282 

46 

92 

16 0 

28 0 

— 

74 

Phosphate 

0 01364 

70 

12 s 

20 3 

32 0 

46 5 

68 

Phosphate 

0 01141 

26 

60 

10 0 

19 6 

39 5 

80 

Phosphate 

0 01141 

70 

12 6 

22 0 

37 0 

66 8 

74 

Veronal HCI 

0 01370 

00 

01 

12 

38 

10 4 

74 

Veronal HCI 

0 02740 

20 

30 

60 

88 

14 8 

Average for phosphate buffer, pH 7 4 

65 ' 

10 6 

18 6 

28 0 

43 0 

Average 

for veronal buffer, pH 7 4 

1 0 

1 5 

3 1 

64 

12 6 
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Solutions of glutamine were mcubated m buffer 
solutions at 37 4° Samples we withdrawn at 
intervals, and the extent of decomposition measured 
by estunation of ammoma, there was no mcrease m 
formol acidity The results are given m Table 2 

It is clear that on long mcubation there is appreci- 
able decomposition of glutamme This is greater m 
phosphate buffer, m which approximately 28 % of 
glutamine is decomposed m 20 hr , than m a phos- 
phate-free buffer (veronal), m which only 6 % is 
decomposed The absence of mcrease m formol 
acidity suggests that pyrrohdonecarboxyhc acid is 
the product This we have confirmed by isolation of 
the compound from a solution of glutamme (400mg ) 
incubated m phosphate buffer (100 ml ) for 42 hr 
The acid was extracted with ethyl acetate (cf Wood- 
ward & Reinhart, 1942) and had m p 167—160° 
meltmg pomt mixed with authentic pyrrohdone- 
carboxyhc acid, 167-160° 

'Attempted zsolcUion of end product of the action of 
liver extracts on glutamine For these experiments 
short-term digests were used so as to avoid the com- 
phcation of the formation of considerable amounts 
of pyrrohdonecarboxyhc acid by spontaneous de- 
composition of glutamine 

We were unable to detect any pyrrohdonecarboxy- 
hc acid m our digests by the method used successfully 


by Woo5.ward & Reinliart (1942) for its isolation 
from digests of glutathione Several estimations of 
the loss of ammo nitrogen supported Krebs’s (1936) 
findings that glutamic acid and not pyrrohdone- 
carboxyhc acid IS formed Attempts to isolate 
glutamic acid from glutamme digests have so far 
been unsuccessful, but paper cbxomatograpliy (cf 
Conaden, Gordon & Martm, 1944) of the material 
extracted by n-butanol from such digests suggests 
that the product is mdeed glutarmc acid We thus 
have no reason to dispute the conclusion of the 
earher workers that glutamic acid is the prmcipal 
product of the enzymic hydrolysis of glutamme 

SUMMABY 

The nature of the products of the action of tissue 
extracts on glutamme has been exammed Wliilst 
glutamic acid appears to be the mam product, 
significant amounts of psuTolidonecarboxyhc acid 
may be present m long-term digests, ovraig to 
spontaneous decomposition of glutamme 

The authors’ thanks are due to the Royal Society for 
a Government Grant which defrayed part of the cost of this 
mvestigation WearemdebtedtoMr P B Wood for carrying 
out some of the ammo N estimations We wish to thank 
Prof H A Krebs, F R S , for providmg a specimen of pure 
glutamine for companson with our preparation 
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The Effect of Various Diets on the Metabolism of Nicotinic Acid 

and Nicotinamide in the Rabbit 


By P 


ELLMGER M m ABDEL 


It has recently been shown (Elhnger & Abdel Kader, 
1948, 1949) that mcotmic acid and mcotmamide are 
not metabolized m an identical manner by various 
man^ahnn species Man, dog, cat and rat ammate 
nicotunc acid to nicotinamide and methylate the 
latter to mcotmamide methochlonde, whilst the 
rabbit and gmnea p,g deammate mcotmamide to 
nicotinic acid and eliminate smaU amounW an 


{Received 7 January 1949) 


identified compound which was provisional! 

^Ued pseudo mcotmamide methochlonde’ Whils 

Ihl eliminates mcotimc acid unchangec 

the rabbit methylates part of it to tngonelhne^ I 

acid are ommvorous or carmvorous, while thos- 

vo^o^ mcotmamide are stnctly herbi 

vorous It appeared possible that these di4rence, 

40 2 
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are related to the type of diet and not to the 
constitution of the species In order to decide 
which was the real cause, the work described in 
this paper was carried out Rabbits were chosen 
as test objects for the following reasons It can 
be expected that a change in diet will affect the 
omnivorous less than the strictly herbivorous 
animals, and, among the latter, the rabbit has shown 
a more complex metabolism than the gumea pig In 
addition, it is known that rabbits can be tramed to 
eat meat (Aberhalden & Brahm, 1909) 


1949 

regamed 330 and 390 g , respectively, durmg the 
meat period and at the end their weights were 2730 
and 2763 g re^ectively At the end of the second 
cabbage period their weights were 2360 and 2420 g 
respectively Without extradietary mtake of either 
acid or amide the only metabohtes detected were 
mcotmio acid and ‘pseudo mcotmamide metho- 
ohlonde’ (Table 2), as was found m the earher 
experiments (EUmger & Abdel Kader, 1949) The 
amounts of mcotmic acid ehmmated were lowest 
durmg the cabbage, somewhat higher durmg the oat 


Table 1 Protein, fat, carbohydrate, nicotinic acid and nicotinamide contents 
and caloric values of the diets used 


Diet 

A 


Protem 

A 

Fat 

A 


Carbohydrate 

A 

Type 

(g /day) 

(g /lOOg) 

\ 

(g /day) 

(g/lOOg) 

(g /day) 

(g/lOOg) 

(g /day) 

Cabbage 

200 

1 6* 

32 

0 3* 

0 6 

6 6* 

11 2 

Rolled oats 

100 

16 7* 

16 7 

7 3* 

73 

66 2* 

66 2 

Meat meal + 

60 

64 2§ 

V25] 36 35 

Calones 

26 4§ 




28 ?! 33' 

national bread 

Diet 

60 

8 611 

1211 

67 411 


Type 


(g/day) (perlOOg) 


\ 

(per day) 


Nicotmio acid 
(mg /day) 


Nicotinamide 
(mg /day) 


Cabbage 

200 

31 6t 

RoUed oats 

100 

399 6t 

Meat meal + 

60 

603 2t 

national bread 

60 

260 011 


63 2 

0 2041 

399 6 

0 630$ 

2516) 

126 Of 376 6 

} 1 260$ 


0 392t 
0 720f 

1492J 


* From Tibbies (1912) 

t Calculated (protem, 4 0 cal , fat, 9 3 cal , carbohydrate, 4 0 cal ) 

I Detenmned 

§ Analysis supplied by Mr F 0 Hymas, Spratt Patent Ltd 

II From Medical Research Connoil (1946) 


EXPERIMENTAL 

Two male rabbits were kept m metabolism cages at 22-27° 
The imne was coUeoted every 24 hr and analyzed for 
mcotmic acid, mcotinanude, tngonelhne and ‘pseudo mco 
tmamide methochlonde’ as described (EUmger & Abdel 
Kader, 1949) The rabbits were fed on cabbage alone for 
3 weeks, on roUed oats for 4 weeks, on national bread and 
meat meal for 29 days and agam on Cabbage for another 
22 days Oats, bread and meat meal were moistened with 
water 

When the dady nnnary output of the yanous metabohtes 
was approximately constant for at least 6 days, mcotuuo 
acid or mcotmamide (100 or 200 mg ) was mjected mtrapen- 
toneally at mtervals of 3-6 days The mcrease m metabohte 
ehimnation following the extradietary administration of the 
compounds was calculated by deducting the average daily 
predosing output from that found after administration of the 
compound In aU cases the predosmg level was reached agam 
after 24 hr In two experiments chohne chloride (0 16 g ) 
was mjeoted mtrapentoneaUy together with 0 2 g of 
nico tini c acid 

RESULTS 

Both rabbite reacted sumlarly to changes m the diet 
On the cabbage diet the rabbits kept their weight of 
2810 and 2860 g respectively They lost 640 and 
560 g respectively, durmg the oat period, they 


and highest durmg the meat period, m accordance 
with the daily dietary mtake of mcotmio acid and 

Table 2 Daily urinary elimination of nicotamide 
metabolites by rabbits kept on different diets 

(Values for ‘pseudo mcotmamide methochlonde' are 
expressedmtermsofmcotmamide methochlonde ) (Neither 
mcotmamide, mcotmunc acid nor tngonelhne were 
eliminated ) 

Metabohtes ehmmated 
(mg /day) 

A 


Diet 

Rabbit 

no 

Days 

Nicotmio 

acid 

‘ Pseudo 
mcotmamide 
methochlonde 

Cabbage 

1 

6 

0 793 

0 601 


2 

5 

0 677 

0 637 

Oats 

1 

6 

0 992 

0 665 


2 

6 

0 983 

0 600 

Meat bread 

1 

8 

1 766 

0 619 


2 

8 

1 770 

0 645 


mcotmamide durmg each of these periods The 
amount of ‘pseudo mcotmamide methochlonde’ 
ehmmated did not change markedly with the diet 
Smce the nature of this compound is unknown it 
could not be decided whether the output of meta- 


629 


diet and nicotinamide metabolism 


Vol 44 

bolites exceeded the intake of the compoundfl, 
indicating biosynthesis i 

As in the earher experiments (Elhnger & Abdei 
Kader, 1949) on cabbage or oat diet extradietary 
nicotinic acid was nearly completely eliminated, but 
mcotmamide was ehmmated to a much lesser extent, 
particularly after doses of 100 mg The meat diet did 
not markedly affect the toted metabohte output with 
the exception that after 100 mg anude, output was 
considerably higher than on either of the other diets 
(Table 3) 


Both the abdity to methylate and deammate were, 
therefore, affected durmg the meat period To obtam 
information ais to whether tins was due directly 
to the kmd of food taken, or to changes caused by the 
diet on the tissues responsible for the metabolism, 
the metahohsm oflooth mcotimo acid and mcotm- 
amide was studied at different times after changing 
from the meat to the cabbage diet (Table 6) On the 
eighth day after the change, total output was still 
low, methylation was stiU absent and deammation 
as low as durmg the meat period Methylation to 


Table 3 Effect of diet on increase in the total urinary eUrmnation of mcotmaniide Tnelabolites [except 'pseudo 
nicotinamide methochlonde') foUotmng the extradietary administration of nicotinic acid or mcotmamide 

(Figures are given as percentage of administered dose ) 

Total elimination 


Rabbit 1 Rabbit 2 


Compound 

administered 

A. 

f 

Nicotmio acid 

X. 

N 

Nicotmamide 

K 

f 

Nicotmio acid 

A 

Nicotmanude 




f 

\ 

f 




f 

\ 

Dose (mg ) 

Diet 

100 

200 

100 

200 

100 

200 

100 

200 

Cabbage 

99 1 

93 0 

23 6 

78 4 

817 

961 

28 1 

70 6 

Oat 

96 0 

96 8 

18 0 

70 0 

849 

97 1 

22 8 

63 6 

Meat-bread 

921 

98 3 

36 6 

65 3 

76 0 

99 3 

43 2 

61 9 


Table 4 Effect of diet on increase in the urinary elimination of individual nu 
'pseudo nicotinamide methochlonde ’) follovnng the extradietary administration of 

(Figures are given m percentage of administered dose ) 

Metabohte ehmmated 


nicotinic acid or nicotinamide 


Compound administered 

Dose (mg ) 

Metabohte 
ehmmated 

Niootmio acid 

Nicotmanude 
Tngonelhne 


Rabbit 1 

A 


Rabbit 2 

A 


Diet 

Cabbage 

Oats 

Meat-bread 

Cabbage 

Oats 

Meat-bread 

Cabbage 

Oats 

Meat-bread 


On a cabbage or oat diet, mcotmic acid mjection 
i\ns followed by the output of mcotmic acid and 
tngonellme only , tins was also the case m one rabbit 
after mcotmamide mjection, whilst the other elimi- 
nated m addition small amounts of unchanged 
nicotmanude (Table 4) Durmg the meat period the 
results uere Ver3^ different, mcotmic acid was 
entirely eliminated as such and mcotmamide mostly 
unchanged, but to a small degree deammated to the 
acid Mothjlation was completely absent There was 

no metlnlation eitli^r when cholme was miected 
together with the acid 


N.ootimo acid 

Nicotmanude 

Nicotimc acid 

A 


A 




100 

200 ' 

100 

200 ' 

^1^ 

200 

60 4 

640 

110 

18 0 

69 9 

69 3 

463 

62 4 

96 

17 2 

63 7 

74 3 

92 1 

96 3 

141 

78 

76 0 

99 3 

0 

0 

26 

17 7 

0 

0 

0 

0 

06 

12 7 

0 

0 

0 

0 

22 4 

47 6 

0 

0 

486 

29 0 

99 

427 

26 8 

26 7 

49 6 

34 4 

79 

402 

21 1 

22 7 

0 

0 

0 

0 

0 

a 


Niootmamlde 

, A-, 


100 


20 3 
17 9 
16 0 

0 

0 

27 2 

7 8 
58 
0 


200 


33 0 
30 3 
12 7 

0 

0 

49 2 

36 6 
33 3 
0 


a reduced extent began agam on the eleventh day 
but methylation and deammation had not ye 
r^ched the pre-meat level on the sixteenth dai 
of the cabbage diet On the twenty-first dai 

the pre-meat level was almost attamed m botl 
respects - 

The output of ‘pseudo mcotmamide metho 
cldonde after extradietary mcotmic acid admmi- 
Ration was hardly affected by the meat di^tXl 
after mcotmamide apphcation was, however ts 
durmg the meat than durmg thr^Si 
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Table 5 Changes tn the urinary elimination of products of nicotinic acid and nicotinamide metabolism of 
rabbits on replacing the meat bread by a cabbage diet foUovnng extradietary administration of the compounds 


(Nicotmio acid or niootmanude (200 mg ) admmistered Figures for elimmatioii are given as percentage of administered 
dose Column 2 denotes days after end of meat-bread period ) 

Metabolites eknunated 


Compound a dmini stered 


Total output 

8th 

11th 


16th 


21st 

Nicotmio acid 

8th 

elunmated 

11th 


16th 


2l8t 

Niootmanude 

8th 

ehmmated 

nth 


16th 


21at 

Tngonellme 

8th 

eliminated 

nth 


16th 


21st 


Rabbit 1 


Nicotmio acid 

Niootmanude 



68 6 

87 7 

— 

— 

66 2 

— 

73 8 

— 

101 

68 6 

18 2 

— 

20 8 

— 

484 

0 

13 6 

— 

17 1 



0 

19 3 

244 

— 

36 9 


Rabbit 2 


Niootimc acid 

Niootmanude 

— 

64 6 

87 3 

— 

— 

63 3 

— 

68 1 



62 

73 4 

, — 

— 

29 0 

— 

36 9 

— 

49 3 

0 

— 

— 

76 

— 

0 

— 

0 

13 9 

— 

— 

26 7 

— 

32 2 


Table 6 Effect of diet on urinary elimination of 'pseudo nicotinamide methochlonde' 
following extradietary administraticn of nicotinic acid or nicotinamide to the rabbit 


(The values of ‘pseudo mcotmamide methochlonde’ are erpressed m terms of mcotmamide methoohlonde ) 


‘Pseudo mcotmamide methoohlonde’ ehmmation (mg ) 

■ ■ A ■ _ 

Rabbit 1 Rabbit 2 


Compound , '' \ 

administered Nicotmio acid Niootmanude Niootmio acid Niootmanude 


Dose (mg ) 

100 

200 

100 

200 

100 

200 

100 

200 

Diet 

Cabbage 

0 600 

0 384 

0 600 

0 800 

0 460 

0 484 

0 760 

0 825 

Oats 

0 480 

0 466 

0 661 

0 680 

0 432 

0 405 

0 600 

0 680 

Meat-bread 

0 676 

0 488 

1 920 

2 011 

0 600 

0 601 

1 230 

1 698 


DISCUSSION 

Two different effects of the three diets, cabbage, oats 
and meat-bread, were studied, 1 e that on body 
weight and that on mcotmic acid and mcotmamide 
metabolism The caloric mtake of the rabbits durmg 
the two cabbage periods was very low, but m spite 
of this the body weight remamed constant on 
63 cal /day durmg the first of these periods The 
basal metabohc rate of the rabbits, calculated 
according to Evans (1946) u sin g Meeh’s (1879) 
formulaforthesurfacearea, was 87 cal Theapparent 
adequacy of this low food mtake might have been 
due to the high temperature of the room and the 
static conditions of the rabbits m the limited space 
of the metabohsm cages or to a reduced metabohc 
rate caused bj' a possible goitrogemc effect of cabbage 
in rabbits (Chesney, Clawson & Webster, 1928, 


Webster, Clawson & Chesney, 1928, Webster & 
Chesney, 1928, Marme, Baumann & Cipra, 1929, 
Webster & Chesney, 1930, Marme, Baumann & 
Webster, 1930, Webster, Marme & Cipra, 1931) Tlie 
far higher caloric mtake of oats did not prevent a loss 
of body weight Oats proved, therefore, to be m- 
adequate for the rabbit, whilst the meat-bread 
mixture was much better utdized The madequacy 
of the 63 cal durmg the second cabbage period might 
be due either to an mcreased metabolic rate caused 
by the precedmg oat or meat bread diet or to a 
depletion of the rabbit durmg the oat and meat 
periods of an essential factor which could not be 
supplied m sufficient amounts by the small cabbage 
ration 

The results of the three diets on the mcotmic acid 
and mcotmamide metabolism y^ere different Here 
feedmg of oats after cabbage did not cause a marked 
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change, but feeding of the meat-bread mixture 
altered the metabolism essentially No new function 
like amidation of mcotmic acid, characteristic of 
omnivorous species, was developed, but the abdity 
to methylate was lost completely and that to 
deaminate was lost to a large extent when meat was 
fed Both mjected mcotmic acid and amide were 
found to be ehmmated mainly unchanged m the 
urme The persistence of the change m metabohsm 
long after the return to the cabbage diet shows that 
this alteration is not caused directly by the actual 
food administered, but is due to chEinges, caused by 
the diet, m the tissues responsible for methylation 
and deammation In the rat, the methylation takes 
place m the hver (Perlzweig, Bemheim & Bemhenn, 
1943 , Elhnger, 1946, 1948), while the site of deamma- 
tion IS unknown, but nught be the kidney and bram 
which are able to carry out the ammation of mcotmic 
acid (Ehnger, 1946, 1948) From the fact that 
methylation is more qmckly restored than deamma- 
tion, it rmght be concluded that the two functions 
are mdependent of each other The most likely 
explanation of the effect of the meat diet on mcotimc 
acid and mcotmarmde metabolism is a damage of 
enzymic systems mvolved m methylation and 
deammation caused either by the inadequacy of the 
animal protem or by the lack of an essential factor 
m the diet 

The considerable mcrease m the output of ‘pseudo 


mcotmarmde methochloride ’ after mcotmarmde 
mtake cannot be explamed as long as the nature of 
this compound remains unknown But this mcreased 
ehimnation may make it possible to collect sufficient 
amounts of this compound to study its nature 

SUMMARY 

1 A change from a cabbage to an oat diet had 
relatively httle effect on the metahohsm of mcotmic 
acid and mcotmarmde m rabbits However, a 
change to a meat-bread diet suppressed the methy- 
latmg mechanism completely, and the deammatmg 
mechanism to a large extent, but no armdation of 
mcotmic acid as m o mni vorous animals was de- 
veloped Replacmg the meat-bread by a cabbage 
diet restored the origmal metabohc condition withm 
3 weeks It is concluded that tins altered metabolism 
is not due directly to the food fed, but to changes 
caused by the altered food mtake on the tissues 
responsible for the metabolism 

2 The body weight was affected by the three 
diets m different ways 63 cal /day were sufficient 
to mamtam weight on the cabbage diet, wlule 
400 cal were insufficient on the oat diet, whilst with 
the meat-bread diet weight was gamed with 380 cal 

We wiBh to thank Messrs Spratts Patent, Ltd , for a 
generons gift of meat meal 
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Regulation of Urinary Steroid Excretion 

I EFFECTS OF DEHYDROISOANDKOSTERONE AND OF ANTERIOR PITtllTARY 
EXTRACT ON THE PATTERN OF DAILY EXCRETION IN MAN 

By M REISS, R E HEMPHILL, J J GORDON and -E R COOK 
Biochemical and Endocrinological Reaearch Department, Bnatol Mental Hospitals 

[Received 20 December 1948) 


In the course of investigations concerned with the 
steroid metabohsm of mental patients, attempts 
were made for therapeutic purposes to influence the 
pattern of daily excretion of 17 ketosteroids and of 
cortm The effects thereby produced throw some 
light on the regulatory mechanisms governing 
steroid metabolism The question of how these pro- 
cesses are related to the mental state will be dealt 
with m later papers This commumcation is con- 
cerned with the biochemical mvestigations alone, 
and deals with the actions of dehydrowoandro- 
sterone and an anterior pituitary lohe extract 

EXPERIMENTAL 

All the patients investigated were ohronio schizophrenics in 
which the clinical picture was of similar form and duration 
Estimations of the urinary 3(a) and 3(jS) hydroxy-17 keto 
steroids, total oestrogen and cortm were earned out before 
treatment, and were later repeated at least once after treat- 
ment had commenced One group of patients was given 
mtramusculardehydrowoandrosterone(60 mg /mjectiondis 
solved in 2 6 mL ethyl oleate), and the other group was given 
Ambmon, a pituitary antenor lobe extract containing about 
50 1 u gonadotrophic hormone and 100-200 Heye Laqueur 
gumea pig units thyrotrophio hormone/ml (1 ml /mjeotion) 

All urmes were stored at 0° without preservative, and 
worked up as soon as possible after completion of collection 
Creatinme estimations were performed on every separate 
24 hr specimen as a test for completeness, any specimens 
showing gross departures fiom the appropriate norm of daily 
excretion were rejected 

17 KetosUroid and oestrogen estimations These were 
earned out on pooled 48 hr specimens A smtable portion 
(2 0-2 6 1 ) of the urme was treated m the cold with 20 ml 
cone HCl/1 , then brought to the bod and boded vigorously 
for 10 mm After coohng, it was transferred to a large con 
tmuous hqmd hqmd extractor Extraction with benzene 
was earned out for a minimal penod of 12 hr , and the extract 
was then removed and worked up according to the pro- 
cedure of Callow, Callow, Ernmens & Stroud (1939) 

After the benzene solution containing the neutral fraction 
had been separated, washed and dned over NajSO^, one 
fifth of the volume was taken and evaporated to dryness on 
an oil bath at 100° (the use of a water bath was avoided to 
prevent contamination by water), the last traces of benzene 
bemg removed by a vacuum pump Aflerredissolvmgmfiml 
ethanol, the total 17 ketosteroids were estimated by the 


Zimmermaim reaction, under the conditions desenbed by 
Callow, Callow & Ernmens (1938) Of the remaming keto 
steroid solution m benzene, a portion containing 6 mg was 
removed, evaporated to dryness, and separated mto ketomc 
and non ketomc fractions by a micro modification of the 
separation procedure employed by Callow & Callow (1938), 
nsmg the Guard reagent T (13 mg Girard reagent T m 
0 1 mL glacial acetic acid were used for 6 mg ketosteroid 
dissolved m 0 1 ml acetic acid) The separated ketomc 
fraction was further separated mto a and j3 fractions by 
digitomn precipitation as desenbed by Frame (1944) 
17 Ketosteroid estimations were made on the whole ketomc 
fraction and on the separate a and /S firaotions 

The phenoho fraction of the ongmal benzene extract was, 
as usual, acidified, extracted with benzene, the extract dned, 
evaporated and finally brought mto solution m arachis oil 
The total oestrogen content was assayed by the rat method, 
using oestradiol as standard preparation, and is expressed m 
arbitraiy ‘rat umts’, one rat umt being eqmvalent to 
approx 0 023 fig oestradiol The total activity of the 
extracts was msufScient to permit accurate statistical 
evaluation 

Gortin estimations were earned out by an apphcation of 
the method described by Heard, Sobel & Vennmg (1946), 
but the following modifications were mtroduced (a) CHdj 
was used as the extraotmg solvent, and (6) the urme was 
extracted contmuously m the cold m an apparatus siniilar to 
that employed by Robmson & Warren (1948) The urme 
sample, after passmg through the apparatus and collecting 
in a smtable vessel, was returned to the funnel and passed 
through the solvent sgam This process was repeated until 
twenty such extractions had been made By this means, the 
disadvantage of emulsion formation was completely avoided 
Trial extractions with aqueous solutions of deoxycortico 
sterone acetate confirmed that complete extraction could 
be effected m this way (c) For the final estimation of the 
dned extract, the Hagedom Jensen estimation, as used by 
Hemphill & Beiss (1947) for blood cortm, was apphed For 
every batch of urmes taken, a water blank was earned 
through simultaneously, to check the punty of the vanous 
reagents 

Reagents Benzene was purified from techmeal matenal 
It was distdled once, then washed three tunes with water, 
dned over NajSOi, allowed to stand several days (at least 
24 hr ) over alumma with occasional shakmg, and finally 
distdled through a 6 pear column 

Ethanol was dned by treatmg with Ca turnings, and then 
further punfied by heatmg for 1 hr with 10 g /I semi- 
oarbazide acetate, and recovering Acetic acid was punfied 
by the method of Orton & Bradfield (1927) 
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ly-feetosteroids 


Patient and 
clinical diagnosis 


Date 


1 N E H , clironic 29 t 48 

sohizophiema 29 v 48 

6 VI 48 

2 31 G H , chromo 29 v 48 

sohizoplirenia 29 v 48 

5 vn 48 

3 P P , chronic 
schizophrenia 


4 L P , chronic 
Bcimopfarema 


5 W C T , chronic 
catatonic 
schizophrenia 

6 GRB, 
catatonia 

7 DT, 
catatonia 


ROD, chronic 
schizophrenia 


9 JED, simple 
schizophrenia 


10 E K , paranoid 
schizophrema 


11 J A ti , chronic 
schizophrenia 


J2 A J A , chronic 
schizophrenia 


25 

27 

1 


11 


24 nc 48 


26 

27 

1 


V 48 

V 48 
Ti 48 

6 vu 48 
16 vu 48 
viu 48 


11 


am 
ketonio 
10 / 


29 T 48 
29 V 48 
6 vi 48 

28 iv 48 

29 V 48 
29 V 48 

6 VI 48 

24 V 48 
27 V 48 
1 VI 48 

26 V 48 

27 V 48 
1 VI 48 

V 48 

V 48 
vi 48 

9 vu 48 
16 vu 48 
vm 48 


24 vin 48 

20 iv 48 
1 vii 48 
6 vii 48 
10 vu 48 
17 vu 48 

22 vu 48 
2C vm 48 

23 VI 48 
29 vi 48 

6 vu 48 
10 vu 48 
17 vu 48 
10 vm 48 
22 vm 48 
27 vm 48 

5 V 48 
12 V 48 
12 48 

14 vi 48 
27 VI 48 

0 vni 48 

15 vu 48 
29 m 48 

0 vu 48 
10 vu 48 
17 vu 48 


16 7 


Non ketomc Ketonio a 

Total fraction fraction fraction fraction 
(mg /24hr ) (mg /24hr ) (mg /24hr ) (mg /24hr ) (mg /24hr 

A Patients treated vnth dehydrowoandrosterono 

4 7 2 0 2 7 2 26 0 46 83 6 16 5 

Commenced daily mjeotions of 60 mg dehydrotsoandrosterone 
14 7 21 12 6 96 31 75 3 247 

70 23 63 44 

Commenced daily mjections of 50 mg 

25 2 4 0 21 2 14 8 

6 4 1 78 4 02 4 02 

Commenced daily mjections of 60 mg 
34 6 9 1 26 4 24 3 

88 20 66 61 

83 26 68 46 

Commenced daily mjeotione of 60 mg 
39 7 17 38 0 30 4 

71 17 64 36 

Commenced daily mieotions of 60 ms? 

13 6 21 116 7 33 

6 0 1 66 3 46 2 63 

Commenced daily mjeotiona of 60 mg 
20 8 3 0 17 8 13 7 

5 4 3 04 2 36 2 18 018 92 3 

Commen^d daily mieofaona of 60 mg dehydrowoandrosterone 

III OA Jfo 2 9 810 

-^6 3 0 18 8 15 6 3 3 82 4 17 6 

_ ^ iQjeotioiifl stopped 

6 ® 7 6 5 2 4 66 0 64 87 6 12 4 

1 7 60 77 4 

ConuneuMd daily uyeotwns of 50 mg dehydrowoandrosterone 

J O I V.V. V- "X A !-rw 


^ m Oestrone 

ketomo Cortm (rat tiiuts/ 
(mg /24 hr ) 24 hr ) 


0 00 83 3 

dohydrowoandroBterone 

6 4 69 7 

0 6 86 6 

dehydrojaoandrosterone 
11 96 6 

1 6 77 5 

1 3 77 2 

dehydrovsoandrosterone 

7 6 70 9 

18 65 8 

dehydrowoandrosterone 

4 17 63 7 36 3 

0 92 73 3 26 7 

dehydrowoandrosterone 

4 04 77 3 22 7 

77 

32 2 
19 0 


30 3 
13 6 

46 

22 5 
22 8 

201 
34 2 


27 3 
32 8 
39 3 


9a 


11 4 
69 

117 

59 

76 

13 7 
13 6 

191 
17 8 

12 9 

15 2 

61 

63 

76 

89 

4 1 
24 

16 2 

90 
61 


75 
10 6 
10 6 

0 30 


6 1 22 2 14 7 

1 6 31 2 20 6 

81 31 2 20 7 

Injections stopped 
31 62 69 

B Patiente treated vnth Ambmon 

6 2 5 37 0 83 

^mmeno^ daily mjeotions of Ambmon 

048 
0 32 


66 2 
66 0 
66 2 

96 8 


20 
1 6 


040 

30 

26 


9 7 9 22 

4 3 3 98 

Injections stopped 
^3 62 48 

103 73 

19 7 82 26 

^ ^mmenced doily mjeotions of Ambmon 

isi !} 

98 65 32 

4 3 

26 37 16 

32 II 031 

^0 49 

— -^94 016 


^ ^rnmenced daily mjecfrons of Am^bSon 
1 3 38 57 


67 
3 55 


040 
0 26 


86 0 
86 6 

96 1 
92 6 

92 3 

710 
76 8 

79 0 
79 4 
66 0 

76 6 
69 9 
91 7 
88 8 
96 7 

94 2 

92 7 

93 7 
93 4 


33 8 
340 
33 8 

42 


14 0 
13 4 

49 

76 

7 7 

29 0 
23 2 

21 0 
20 6 
34 0 

23 6 

301 

83 

112 

33 

58 

73 

63 

66 


1 19 

0 84 

1 19 

0 99 

0 94 

1 8 

1 4 
138 

126 

1 42 

2 60 
15 

161 

0 96 

0 86 
2 31 

1 07 


22 6 0 82 


1 93 
38 
21 

1 64 


1 63 
1 60 

1 32 


1 63 
1 69 

146 


0 94 
0 83 
103 
0 93 

1 15 
044 


<3 

<3 

<3 


<3 


<4 

<3 


3 

12 

4 


12 

8 

4 


24 

<3 

8 

24 

24 

6 

4 


4 

4 


2 00 no response 
164 >e 
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RESULTS 

The results for the whole senes of estimations are 
recorded m Table 1 It will be seen that the admini 
stration of the 3(/9) -hydroxy- 1 7 -ketosteroid dehydro- 
t^oandrosterone caused a considerable rise m the 
excretion of the a fraction of 17-ketosteroid8 m aU 
of the eight patients receiving this preparation In 
every case, except one, the p fi^ction was also 
mcreased, but not to the same extent as the 
a fraction Cortm was mcreased m three cases (nos 3, 
7 and 8) and total oestrogen was mcreased m two 
cases (nos 7 and 8) 

Ambmon caused a reduction m the a fraction of 
17-ketosteroids, accompamed m most cases by a 
defimte rise m total oestrogen No marked changes 
in cortm excretion were seen m these cases 

DISCUSSION 

The remarkable mcrease m the excretion of a fraction 
of 17-ketosteroids followmg administration of de- 
hydroMoandrosterone may be compared with simihar 
phenomena reported by other workers Dorfman, 
Wise & Shipley (1948) demonstrated mcreased 
3(a) hydroxy- 1 7 -ketosteroid excretion m one patient 
after the mjection of a 3(^)-hydroxy*17-ketosteroid 
(woandrosterone) Mason & Kepler (1947) also 
studied the ketosteroid excretion of two patients 
suffermg from Addison’s disease who received over 
1000 mg of dehydrowoandrosterone durmg 12 days, 
administered while the adrenal insufficiency was 
controlled by treatment with deoxycorticosterone 
and sodium chloride Subsequent exammation of 
the unne revealed no dehydrowoandrosterone, but 
only androsterone, aetiocholanolone, and other 
3(a) hydroxy-ketosteroids, which accounted for 43 
and 19 % respectively of the mjected hormone These 
authors assumed that dehydroisoandrosterone is the 
precursor of the a steroids mentioned, imder normal 
conditions It is, however, debatable whether this 
mcrease of a steroid excretion is due to a direct 
chemical conversion of the p steroid, as Dorfman 
etal (1948) and Mason & Kepler (1947) assume One 
has to account for the fact that the 60 mg dehydro- 
woandrosterone mjected daily resulted m mcreases 
of total ketomc fraction m the range of 12—64 % of 
the mjected dose only m the first days after com- 
mencing the dosage Moreover, the simultaneous 
mcrease of cortm excretion m three cases and of total 
oestrogen m two cases are hardly to be accounted for 
b 3 ’’ a purelj^ chemical mechanism Little is known as 
3 'et about the phj^siological action of dehj'^drowo- 
androsterone on the gonads or adrenals, but it is 
feasible that a stimulation of the adrenal cortex or 
gonadal elements bj’’ tins substance may have taken 
place , a more detailed exammation of this possibility 
mav well prm e to be of considerable chmcal 
importance 

Tlie remarkable mcrease m cortm excretm in one 
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case, and the slight but significant rise m two cases 
noight pomt to some stimulatory influence on the 
production of steroids It is known that mj ection 
of deoxycorticosterone brmgs about a reduction m 
adrenal cortical function, with decreased hormone 
production Smce dehydrowoandrosterone is pro 
duced for the most part m the adrenal cortex, it is 
possible that m some patients the endogenous pro- 
duction IS reduced when the compound is admmi- 
stered, thereby mcreasmg the avaflabihty of the 
natural precursor for the production of steroids 
It 18 possible that competition between production 
of dehydroi^oandrosterone and of cortm may exist, 
a regular mverse relationship between cortm 
excretion and ^-steroid excretion has m fact been 
observed m these laboratories m a patient showmg 
cychc changes of activity and depression (fuU 
details of this work will be published later) Durmg 
depression the p steroid excretion was mcreased, and 
the cortm excretion decreased, and the reverse 
tendency was shown durmg normal and mamacal 
phases In this connexion it is of some mterest to 
note that the patient who showed the greatest nse 
m cortm excretion after dehydro woandrosterone was 
the only one who showed complete mental improve- 
ment, with subsequent discharge from hospital 

Regardmgthe decreased a-steroid excretion (which 
was proceeded m two cases by an mcrease) brought 
about by Ambmon, it may be assumed that this is 
due to the gonadotrophic fraction contamed m this 
preparation Previous work (Carreyett, Golla & 
Reiss, 1946) has shown that gonadotrophic hormone 
prepared from pregnant mare serum decreases the 
total ketosteroid output m patients, and depletes 
the hpid content of rat adrenals, after several days’ 
treatment It is thus evident that dehydrowe 
androsterone and Ambmon produce opposite effects 
on the excretion of 3(a)-hydroxy-17-ketosteroids 
It remains to be seen, however, to what extent they 
are antagonistic m the strict sense 

SUMMARY 

1 Administration of dehydro woandroster one pro - 
duced m several mental patients a marked rise m the 
excretion of the 3(a)-hydroxy-17-ketosteroids In- 
creases of cortm and of oestrogens were noted m a 
few cases 

2 The anterior pitmtary lobe extract, Ambmon, 
produced a net fall m the excretion of the 3(a) 
hydroxy 17-ketosteroids, usually accompamed by 
a rise m total oestrogen excretion 

3 Possible mechanisms for the changes de 
scribed above are discussed 

The authors wish to acknowledge their mdebtness to 
Organon Laboratones Ltd , for snpphes of dehydroiffoandro 
sterone and Ambmon preparations, to Slessrs W G Warren, 

D J Dell and Jhss B Bmham for technical assistance, and 
to Mr F Knight for valuable co operation m the collection of 
unne specimens 
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The Use of the Waring Blender in Biochemical Work 


By ROSA STERN and L H BIRD 
Wieat Research Institute, Christchurch, New Zealand 

{Received 2 July 1948) 


In recent years the Waring blender has found wide- 
spread application in biochemical work, owing to the 
ease and speed with which it disintegrates all sorts 
of heterogeneous matenals mto uniform suspensions 
It IS surpnsmg that the hterature contams no 
reference, so far as the authors are aware, to possible 
harmful effects of treatment m the Warmg blender 
on the properties of biological material Several 
workers seem to have noticed tliat the mtense 
aeration occurring m operatmg the blender causes 
oxidation of reducing substances This can be 
gathered from the fact that they use the blender in 
vacuo or m an atmosphere of mert gas However, no 
defimte information on this pomt seems to have been 
published A further possibility of damage to bio- 
logical material might be anticipated, viz denatura- 
tion of proteins and hence mactivation on enzyme 
sj’stems tlirough mtensive agitation 

Billie carrymg out experiments on the reducmg 
matter and oxidizmg enzymes of wheat germ and 
other mill streams, the authors found that even 
short treatment m the B^armg blender greatly 
affected these systems The present paper describes 
these Sndmgs winch were first reported at the New 
Zealand Science Congress heldm'Welhngton m 1947 
In the meantime Qmnlan-B^tson & Dewey (1948) 
reported inactu ation of cytocluome c oxidase caused 

bi trcatinganinial tissue m the B'armg blender The 

mam n ork on oxidizmg enzymes of Wheat will be the 
subject of separate papers 


Effects of the Waring blender on reducing matter 

Suspensions of wheat germ (e g 1 part germ and 11 parts 
of water) were made (a) by grinding with sand and water in 
a mortar, (6) by treating m the Warmg blender, and (c) by 
boihng for 2 min In the blender, the temperature of a 260 g 
suspension rose by 18° withm 6 mm owmg to the generation 
of heat by fnotion To avoid mjunous moreases of temper- 
ature on treatmg the suspensions for more than 6 nun they 
were cooled after 6 mm stirring, or ice water was used for 
makmg them 



experdiental 

Qumtititnc cndonce for the effect of the Warmg blender 
on su.ism<uon« of ^anous null streams comes from the 
following experiments 


, “ "^^°''^'=nK.epimawaterbathat40° a 

^mples for determmation of reducing matter were wi' 

^ OOlx-I, solution/g of germ The changes of reduci 
matter with time are shown m Fig 1 These graphs m t 
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first place demonstrate that treatment m the Wanng blender 
caused oxidation of the bulk of the reducmg matter present 
m wheat germ 

Pig 1 (curve A) shows that m the sand groimd suspension 
there is an mitial mcrease and a subsequent decrease of 
reducmg matter Both are due to enzyme action they do not 
occur m boiled suspensions (curve G) The mcrease is 
probably the effect of a protease hberatmg thiol groups, the 
decrease that of an oxidizmg enzyme mechanism Curve B 
(suspension treated m Wanng blender) closely resembles 
curve C (heated suspension) except that it is on a lower level 
It seems to mdicate that treatment m the Wanng blender 
destroyed enzyme activities responsible for the hberation 
and oxidation of reducing matter (shown by curve A) 

SuUivan, Howe & Sohmalz (1936) found that wheat germ 
contains GSH which causes the severe damage, well known 
to cereal chemists, acoompanymg the mclusion of wheat 
germ m doughs HuUett & Stem (1941) and Smith & Geddes 
(1942) showed that GSH could be ehnunated ftom wheat 
germ by fermentation, and that such pre fermented wheat 
germ had no adverse effect on the doughs The ehmmation 
of GSH by fermentation, mdioated by negative reaction 
with sodium mtroprusside, takes several hours, treatment 
m the Wanng blender achieved the same result withm 6 min 
A wheat germ suspension stured m the Warmg blender for 
6 min gave a negative reaction with mtroprusside and was 
quite harmless when moluded m the dough This rapid 
oxidation of the thiol groups is due to an enzyme mechanism 
which requires the presence of Oj No comparable oxidation 
takes place m a boiled germ suspension treated m the blender 

Effect of the Wanng blender on dehydrogenase actwity 

The dehydrogenase activity of wheat germ extract made 
from 1 part of germ and 6 parts of water, measured by the 
Thnnberg techmque at 30°, dropped from a decoloration 
tune of 20 mm for the untreated sample to one above 4 hr 
for a sample treated m the Wanng blender for 2 nun 

Effect of the Wanng blender on ascorbic acid oxidase actibily 

The discovery of ascorbic acid oxidase m wheat flour by 
Melvdle &. Shattock (1938) was confirmed by Sandstedt 
& Hites (1946) who also observed that ascorbic acid oxidase 
was responsible for the oxidation of the thiol groups present 
m wheat flours 

In experiments on the determmation of ascorbic acid 
oxidase activity m vanous mill streams, the following 
techmque was used Mill stream (10 g ) was suspended in 
170 mL of 0 2m phosphate buffer of pH 6 6 and digested at 
30° for 0 6 hr The suspension was shaken every 10 mm 
Ascorbic acid solution (20 ml , contammg 20 mg ascorbic 
acid and 20 mg HPO,) was added so as to make a total of 
200 g of suspension Immediately after addmg the ascorbic 
acid a sample of 20 g was removed for determmation of 
reducmg substances The remamder of the suspension, stfll 
kept at 30°, was aerated with a strong current of air which 
was stopped after exactly 20 min Previous experiments had 
shown that the oxidation over the mitial 20 mm was Imear 

A vigorous air stream is necessary to ensure good rephoa- 
tion of results After 20 min aeration a second sample of 
20 g was removed from the reaction mixture Both samples, 
immediately after bemg taken, were deprotemized with 2 mL 
of 10% (v/v) H.SO, and 2 ml of 12% sodium timgstate, 
made up to 200 g and centrifuged at 2000 rev /mm Previous 
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experiments had shown that if mill streams were depro 
teinized under these conditions ascorbic acid could be 
recovered quantitatively, and the centrifugates were clearer 
than those obtamed with HPO3 

To 60 ml of the supernatant (correspondmg to 0 26 g of 
flour) were added 6 ml of 0 002 N Ij solution and the excess 
was back titrated with 0 002N-NajiSjO3 The chfierence 
between the readmgs before and after aeration, expressed m 
ml OOIn Ij solution/g flour, was taken as a measure of 
ascorbic acid oxidase activity of the flour suspension It was 
found that all readmgs were rephcable, with a standard 
of ±0 06 ml OOlK-Ij solution (correspondmg to roughly 
2% of the mitial readmg), and that the mitial readmg 
corresponded to the sum of added ascorbic acid and reducmg 
matter present m the flour 

When wheat-flour suspension was treated m the Wanng 
blender for 2 mm, and then tested for ascorbic acid oxidase 
activity as described above, the results differed greatly from 
those obtamed with a control prepared by 0 6 hr digestion 
at 30° (Table 1) 


Table 1 OandcUwn of ascorbic acid in untreated 
and Wanng blender-treated flour suspensions 


(Reducmg substances m 60 ml of supernatant from flour 
suspensions (correspondmg to 0 26 g flour-f0 6mg ascorbic 
acid) were detemuned before and after aeration Results are 
expressed as ml 0 01 N-12/g flour The difference between 
results before and after aeration is a measure of the oxidation 


of ascorbic acid occumng dunng aeration 
Duplicate determinations were earned out on a control 
suspension prepared by digestion for 30 mm and on a 
suspension prepared by 2 mm treatment m the Wanng 
blender ) 

Control suspension 
prepared by 
digestion 
(ml OOlN Ii/g ) 

Imtial readmg 2 41, 2 37 
Pmal readmg 1 96, 1 93 

Difference 0 46, 0 44 


Suspension prepared 
by 2 mm treatment 
m Wanng blender 
(mL 0 OIn Ij/g ) 

2 16, 2 00 
1 24, 0 76 
0 91, 1 24 


A comparison of columns 2 and 3 shows the foUowmg 
effects of treatment m the Wanng blender (1) dupheate 
determmations give widely varymg results, (2) the mitial 
readmgs are lower than 2 27 ml , which is the value cone 
spondmg to the added ascorbic acid, (3) differences between 
mitial and final readmgs are much larger than m the oontroL 
These three effects of treatment m the Wanng blender 
correspond exactly to what happens when ascorbic acid 
oxidase m afloursuspensionisdestroyed by high temperature 
or pH Under these conditions the enzjrme mechanism 
breaks down and is superseded by aenal oxidation It seems 
very probable, therefore, that treatment m the Wanng 
blender destroyed ascorbic acid oxidase 


Other effects of the Wanng blender 

Fresh wheat-germ suspensions have a bnght yellow colour 
On oxidation they assume a greyish white hue, and later, 
particularly on acidification, turn a deep puiple on the surface 
and wherever else they are m contact with air as on the walls 
of moluded air bubbles Suspensions treated m the Wanng 
blender never proceeded beyond the greyish white stage 
It was thought that tyrosmase or peroxidase might be 
responsible for the darkenmg effect Tyrosmase determma 



637 


USE OF WARESFG BLENDER 


Vol 44 

tions by the ohronometnc method of Miller & Da'weon (IQil), 
showed that wheat germ oontams no measnrable amount 
of tyrosmise Peromdase, on the other hand, was present 
and quahtative reactions with guaiac and with benzidme, 
remamed positive even after wheat-germ suspensions had 
undergone 13 mm treatment m the Warmg blender This 
behaviour of wheat peroxidase is m keepmg with the lugh 
resistance of peroxidases from various sources to oonditoons 
which are mjunous to other enzymes, e g high temperature 
The feet that wheat peroxidase survives treatment m the 
Warmg blender would seem to mdicate that the darkening 
effect IS not due to peroxidase action smee failure to darken 
after treatment is not connected with destruction of 
peroxidase It is to be assumed, however, that peroxidase 
is only one member of a more complex enzyme mechanism 
which may provide HjOj necessary for peroxidase action 
For this reason failure to darken might be due to the break- 
down of some other part of this enzyme mechanism An 
mvestigation of the darkemng effect is m progress 

DISCUSSION 

Potter & Elvehjem (1936) described a device for 
grinding tissue material, and reported that enzynae 
inactivation occurred on dilution of the ground 
material Accordmg to their expleination, dilution 
causes the coenzyme concentration to drop below 
the level necessary to mamtam enzyme activity 
This explanation does not apply to the enzyme 
mactivations reported m the present paper While 


Potter & Elvehjem compare suspensions of different 
concentrations the present paper deals with suspen- 
sions of equal concentration, but obtamed by 
different means, viz by grmdmg with sand m one 
case and by treatment m the Warmg blender m the 
other 

The Warmg blender, with its speed of about 
10,000 rev /mm is far more Likely to cause protem 
denaturation than the grmder used by Potter & 
Elvehjem (1936), with its much lower speed The 
present authors suggest that, while m then experi- 
ments oxidation of activatmg thiol groups may have 
been responsible for the mactivation of certam 
enzyme systems, the mam damage caused by the 
Warmg blender was perhaps enzyme destruction 
due to protem denaturation 

The experiencesTeported above make it justifiahle 
to sound a note of caution with regard to the Warmg 
blender and similar homogenizers, and to recommend 
restrictmg then use to apphcations which do not 
mvolve mactivation of enzymes or m which such 
mactivation does not matter 

SUMMARY 

Treatment of mill stream suspensions m the Warmg 
blender caused oxidation of thiol groups and m- 
activation of enzyme systems 
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A Mercury Gasometer for the Preparation of Gas Mixtures 


By E F HARTREE and C H HARPLEY, Ulolteno Institute, University of Cambridge 


{Received 23 November 1948) 


The need for a means of preparmg gas mixtui 
contaming accurately known proportions of carbi 
dioxide arose durmg manometric studies of tiss 
metabohsm The measurement of glycolj^is m ten 
of CO. liberated from a bicarbonate buffer requn 
an atmosphere contairung a small proportion 
CO. , and Cylinders of mtrogen and osygen contami 
5 % of COa are commercially a\ ailable IWien, ho 
o\ er, different concentrations of CO. or mixtures 
COj mth more than one other gas are required, o 
of the follow mg methods must be employe 


(1) A contmuous flow method m which flowmeters 
measure the rate of delivery of the mdividual gases 

(2) Collection of the gases, m a graduated Mamotte 
bottle or other contamer, over a saturated salt 
solution m which gases are generally less soluble 

(3) Preparation of the gas mixture m a pressure 
vessel fitted with a gauge (4) CoUection of the gases 
m a graduated vessel over mercurj'' 

The flowmeter method is unrehable smee the pro- 
portions m the mixture will vary widely with changes 
both m individual gas pressures and m resistance to 
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flow The drawbacks m the use of saturated salt 
solutions are crystallization in tubes and taps, and 
the ‘creep ’ of the salt In any case the solubflities of 


great a pressure will be applied to the apparatus, and 
furthermore some gases (eg CO), are not generally 
available under pressure for fiUmg the vessel On the 



Fig 1 


different gases m such solutions are still high enough 
to preclude the precise preparation of gas mixtures 
With a pressure i essel there is always a nsk that too 


other hand, a graduated mercury gasometer penu' 
gas mixtures to be made up with accuracy and to 
dehvered under a controlled pressure 




Vol 44 A MERCURY 

APPARATUS 

The mercury gasometer (Fig 1) oonsists of two identical 
graduated glass mi^mg cylinders of 1600 ml capacity 
each connected by reinforced rubber tubmg, through a 2 way 
glass tap, to two arms of a glass T piece The third arm of the 
T piece IS connected to a glass reservoir of ]U8t over 1600 ml 
capacity At the top of each cyhnder is a 3 way tad pattern 
tap and the upper half of the cyhnder, which is 4 3 cm m 
external diameter, is graduated :tom 0 (at the tap) to 300 ml 
at mtervals of 16 ml The lower half is somewhat wider 
(7 6 cm diameter) and 100 ml graduations are contmued 
down this section to the 1600 ml mark which is at the upper 
end of the neck to which the reinforced rubber tubmg is 
attached. The distance between the 1500 ml graduation and 
the top IS 63 cm The neck rests withm a fibre rmg which fits 
mto a hole m the lower steel plate of the cyhnder earner 
The reservoir is simdarly supported m a fibre rmg {FE) 

The fimmework withm which the glass parts are supported 
was manufactured m mild steel and consists of a base plate 
(BP), 30 6x406x10cm, to which are bolted five per- 
pendicular 20 mm diameter rods (B^ , R^) The upper ends 
of these rods are bolted to a top plate (TP) which is out away 
so as to permit the upper parts of the glass vessels to pass 
through The distance between top and base plates is 107 om 
To the top plate are bolted two pulley supports (PS) each 
carrymg a pair of grooved pulleys Over each pair of pulleys 
passes a stranded steel cable (2 mm m diameter), one end of 
which IS attached to a steel earner m which glass parts are 
supported while the other end wmds around an 8 om 
diameter flanged puUey (Pu) These flanged puUeys are 
mounted on an extension to the pmion, or dnven, shaft of 
two tennis net winders (Te) bolted to the base plate In 
order to reduce the stram on the wmder bearmgs, the shaft 
extensions are supported m extra bearings (Be) The two 
glass mmng cylmders are supported on the fibre rings withm 
a earner consistmg of two horizontal, 6 mm thick, steel 
plates (P) which are separated by three 26 cm lengths of 
steel tube about 22 mm mternal diameter The rods Bj pass 
through these tubes and act as gmdes when the earner is 
raised or lowered In the upper plate are two holes to take 
the cyhnders and m the lower plate are two smaller holes mto 
which fit the fibre rmgs The steel cable passes down through 
a small hole m the upper plate and is retained by means of 
a termmal blob of hard solder The other end of the cable is 
retamed m the same way on the flanged pulley The earner 
for the reservoir is similarly built up on two 23 om lengths 
of steel tube moving along the rode Bj It mcorporates 
a stump above the upper plate consistmg of two 13 om 
threaded rods to which is screwed by means of mill ed nuts 
a horizontal X section bar (Ba) This bar, to which the steel 
cable IS attached, has a hole at one end for the threaded rod 
and a slot at the other so that it may be swung aside when it 
18 necessary to add mercury or to remove the reservoir Each 
of the five steel rods (B^, Bj) cames two collars (Co) with set 
screws which are fixed so as to hmit the travel of the earners 
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If these are raised too far when rubber tubmg is attached to 
the tad pattern taps there is a risk of breakage should the 
tubing become stramed os it passes through the top plate 
On the other hand, if the earners are allowed to go too low 
a stram is throivn on the mercury containing rubber tubes 
attached to the lower outlets of the glass vessels 

The connexions between the three vessels are mode with 
canvas mterlmed rubber tubmg of 10 mm internal diameter 
This gives a tight fit over the necks of the glass vessels which 
are drawn out to 10 mm diameter with a bulge to 11 mm 
The glass T-piece (T) and pressure taps (PT) are screwed 
down by means of saddles to strips of wood bolted to the base 
plate Theae8tnpsarethiokenough(2 6 cm ) to accommodate, 
when smtably drilled, the pro]eotmg sprmg loaded barrels 
of the taps of the type used m the Van Slyke apparatus By 
means of these taps it is possible to isolate one or both of the 
mixmg cyhnders from the reservoir This layout was adopted 
smee it appeared impracticable to have two reservoirs and 
a double charge of mercuiy The present design requires 
22 kg mercury 

The rubber to glass jomts are bound with msulatmg tape 
and copper wire, this procedure ehmmates the nsk of sphts 
m the rubber tubmg Only after 12 years was it found 
necessary to replace the tubmg on account of its decreasmg 
phabihty The only other ‘servicmg’ that the apparatus 
reqmres is lubncation of the bearmgs and of the steel cables 
which should be occasionally rubbed with soft paraffin 
(‘Vasehne’) 

The gasometer is mounted on a wheeled angle iron trolley 
by means of bolts passmg through the base plate and through 
a similar plate, 66 cm from the ground, which forms the top 
of the trolley A dram plug (DP) facihtates the coUeotion of 
spilled mercury 


USES OP THE GASOMETER 

In addition to its value for the preparation of mixtures 
of water soluble gases, the apparatus serves well for 
makmg up gas mixtures whenever a higher accuracy 
IS required than can be obtained over water where 
a certam gas exchange between the two phases is 
mevitable It is thus of great advantage mpreparmg, 
by serial dilutions, a mixture contammg a very small 
proportion of one constituent (e g CO m Oj for 
haemoglobm studies) The gasometer is also useful 
for the storage of highly purified gases or of gases, 
such as mtnc oxide, which react with water or with 
oxygen 

SUMMARY 

A description is given of a mercury gasometer m 
which two gas mixtures of up to 1600 ml m volume 
can be accurately made up 
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peroxidation of (Albert, A & Falk, J E ) 129 
n Acyl ambamides see Ambamide 
2f*-n Acyl V336 see V336 

Acylammo groups, hydrolysis in vivo (Hartles, R L A 
Williams, R T ) 335 

§Adnptation, genetical, and bacterial synthesis of enzymes 
(5Ionod, J ) xix 

Adenosinetnphosphate, effect on succinate oxidation m 
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Bursa, P ) 609 

Ahesterase activity of human plasma (Adams, D H A 
Whittaker, V P ) 62 

Alkoxyanilmes, fate m rabbit (Smith, J N & Wilhams, 
R T) 260 

Allium cepa, detection of n propylthiol m (Challenger, P 
A Greenwood, D ) 87 

Allium sativum, action of moulds on diallyl disulphide m 
(Challenger, P A Greenwood, D ) 87 
Ahiminiiim ions, activation of phosphoglucomutase by 
(Stickland, L H ) 190 

Alummium ions, effect on tissue succmio dehydrogenase 
activity (Kedin, D & Hartree, E P ) 206 
Ambamide, A** n acyl derivatives, antibactenal activity 
of (Hartles, R L A Wilhams, R T ) 335 
Ambamide, N* n acyl denvatives, fate m rabbit (Hartles, 
R L & Williams, R T ) 336 
Ambamide, sjmthesis of new A'* n acyl denvatives of 
(Hartles, R L A Wdhams, R T ) 336 
Amberhte IR4, use m displacement chromatography 
(Partndge, S 51 A Bnmley, R C ) 613 
Ambmon, effect on unnary steroid excretion (Reiss, M , 
Hemphdl, R B , Gordon, J J A Cook, E R ) 632 
Amidase of rabbit hver (Bray, H G , James, S P , Raffan, 

I M , Ryman, B E A Thorpe, W V ) 618 
Amidmes, action on oxidases of EschencJiia coli and animal 
tissues (Gordon, J J A Sowden, E ) 498 
Ammoaoetic acid, effect m hypoglycaemia (Mayer Gross, 
W A Walker, J W ) 92 

Ammo acid oxidases, action on o hydroxyphonvlalanmo 
(Blasohko, H ) 268 

Ammo acids, acidic, separation by amon exchange resms 
(Partndge, S 51 A Bnmley, R C ) 613 
A min o acids, bound, m plasma after protem mgestion 
(Chnstensen, H N ) 333 

A mi no acids, effect m hypoglycaemia (Mayer Gross, W A 
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Antdustamme drugs, fadure to inhibit histammase (Kapeller- 
Adler, R) 70 

Anti-permoious anaemia factors, estimation and identifica- 
tion m hver extracts (Cuthbertson, W F J A Lester 
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tion (Sloane Stanley, G H ) 567 
Apoenzyme of alkahne phosphatase (Abul Fadl, MAM 
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Bence-Jones protein, composition and output of (Dent, 0 E 
& Rose, G A ) 610 

Benzamide, enzjnmc action of liver and kidney extracts on 
(Bray, H G , James, S P , Raffan, I M , Ryman, B E 
Thorpe, W V) 618 

Benzene, mdustnal toxicology of (Porteous, J W & 
Williams, R T ) 66 

Benzene, metabolism m rabbit (Porteous, J W & Wdiiams, 
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hydroaromatic precursors (Beer, C T , Dickens, F A 
Pearson, J T ) i 

Benzoio acid, micro estimation m biological material 
(Dickens, F & Pearson, J T ) i 
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& Sohilling, J A ) 318 

Blood, continuous measurement of concentration in 
(Reiss, M , Badnck, F E , Halkerston, J M & AATute, 
J H) 265 
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A Maclagan, N F ) iv 

Oarhammo combmation of carbon dioxide with haemoglobin 
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(Krebs, H A , Eggleston, L V & Hems, R ) 159 
Cat, metabolism of nicotmanude denvatives m (EUmger, P 
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Cation exchange resms, fractionation of protem hydrolysate 
usmg (Partndge, S M ) 621 

Cell proliferation and glucuromde synthesis (Karunairatnam, 
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The 272nd Meeting of the Biochemical Society was hM at the British Postgraduate Medical School, 
Ducane Road, Hammersmith, London, W 12, on Saturday, 22 January 1949, a^ 11 arh , when the following 
papers were read 

COMMUNICATIONS 

The Micro -estimation of Benzoic and Hippurlc Acids m Biological Material By F Dickens 


and Joan T Peabson {Gouitauld Institute of 
London, TF 1) 

Existing methods for the micro -estimation of ben- 
zoic acid have not been found satisfactory I^Qien 
hot mtration is employed as a prelunmary stage 
(Waelsch & Klepetar, 1936) ive find that a complex 
mixture of mtro-compounds results, of which 2 6- 
dinitrobenzoic acid appears to be mamly responsible 
for the colour development on treatment with 
hydroxylamme This product has been isolated 
and constitutes only c 7 % of the benzoic acid 
sample 

By the use of cold mtration, m mtrobenzoic acid 
IS made to constitute the mam product, and colour 
development from this stage follows weU-known 
hues 

Neutralized samples containing benzoic or lup- 
punc acid are evaporated to dryness and the residue 
18 nitrated with 10 %KNOgm cold cone HjSO^ The 


Biochemistry, Middlesex Hospital Medical School, 

mtration product is extracted with tsoamyl alcohol 
and then mto aUrah, reduced m acid solution with 
titanous cliloride to m-ammobenzoic acid, which is 
diazotized with NaNOj and the product coupled 
with N(1 -naphthyl) -ethylene diamme (Eckert, 
1943) The magenta cplour is estimated by the 
Hdger absorptiometfer The method is smtable for 
the estimation of samples contaimng up to 10 mg 
benzoic acid Lmear relationships of quantity of 
benzoic acid to mtensity of colour have been shown 
to hold over the range 0 06-10 mg The same factor 
applies both to benzoic and hippurio acids The 
method is particularly smted to the estimation of 
benzoic acid formation by tissues, the preliminary 
extraction bemg made mto 60 % ethanol Phenohe 
and other mterfermg substances if present must be 
removed before mtration 
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The Formation in Animal Tissues of Benzoic Acid from Possible Hydroaromatic Precursors 

By C T Beer, F Dickens and Joan T Pearson {Courtauld Institute of Biochemistry, Middlesex 
Hospital Medical School, London, W 1) 


The conversion of eyeZohexane carboxyhc acid to 
benzoic (or hippunc) acid m the rabbit has been 
shown to be an aerobic oxidation occurrmg mamly 
m the hver tissue and to a lesser extent m the 
kidney (Dickens, 1947) 

Nothmg IS known of the mechanism of this re- 
action though it presumably occurs m successive 
stages, e g by the stepwise mtroduction of double 
bonds The latter might arise either by direct de- 
hydrogenation or by the preliminary mtroduction of 
S’ group, e g — OH, followed by its subsequent 
elimination together with a hj^drogen atom One 
example of the biological mtroduction of an — OH 
group mto the eyeZohexyl rmg has recently been 
mentioned by Fieser (1947) 


In order to test these hypotheses, we have studied 
the effect of several tetrahydro- and monohydroxy- 
hexahydrobenzoic acids on the aerobic metabolism 
of rabbit-hver shoes The latter were meubated at 
37° m the Warburg apparatus with phosphate- 
Rmger solution conta inin g 0 06-0 OOlii-sodium 
salts of these acids After 4 hr the benzoic acid 
formed was detenmned by the method of Dickens 
& Pearson (1948) 

No significant amounts of benzoic (or hippuric) 
acid were obtamed from <rana-4-hydroxy-, cts-4- 
hydroxy-, cw-3-hydroxy-, or l-hydroxy-cycZohexane 
carboxyhc acids The two 4-hydroxy compounds 
tended to merease shghtly, and the remainmg com- 
pounds to di mmis h, the respiration rate A mixture 


a 
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of and A^-tetrahydrobenioic acids containing 
86 % of A^, had no appreciable effect on respiration 
rate and gave little benzoic acid either in hver or 
kidney shoes No benzoic acid was obtained from 
c2/cZohexanone-2-carbDxyhc acid 

In the mtact rabbit mjection of the same mixed 
A^-A® acids and of pure A® tetrahydrobenzoio acid 
(as Na salts) was followed by urmary excretion m 
24 hr of respectively 40 and 16 % as benzoic acid 
The behaviour of the A® compound is bemg studied 
Neither cis 4-hydroxy- nor 1 -hydroxy cj/cZohexane 
carboxyhc acid yielded benzoic acid m the 
rabbit 


In man, qumic acid (1 3 4 6 tetrahydroxj^ hexa 
hydrobenzoic acid) is converted into hippuric acid 
(Lautemann, 1863, Qmok, 1931) We have confirmed 
this by isolation from the urme of c 70 % of doses of 
6g qumic acid as pure hippuric acid Unfortunately 
a similar change was not found m the rabbit, gumea 
pig, or rat, nor could the aromatization of quimc 
acid be detected m shces of rabbit or sheep hver, 
although the rabbit and sheep have been reported to 
form benzoic acid firom mgested qumic acid (Vasiliu, 
Timosencu, Zaunov & Coteleu, 1940), smce these 
authors report only 10 % conversion of qumic acid 
m man their mdirect methods are open to doubt 
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By S S Randall and A J P Mabtut [Boots Pure 


Ancillary Apparatus for Chromatography 
Drug Company Ltd , Nott^ngham) 

When colourless substances are chromatographed 
numerous portions of the effluent have to be tested 
and suitably grouped if optimum separation is to be 
obtamed Moore & Stem (1948) have described a 
photoelectncaUy operated fraction cutter which can 
collect 80 equal fractions Appeuatus described here 
IS mechamcal £ind very simple The effluent runs 
from the column mto a siphon suspended from a 
balance beam by a twisted cord, which is above the 
centre of a circular test-tube rack The siphon has a 
long arm dehvermg directly mto 1 14 test-tubes On 
the arm is a simple escapement engagmg with pins 
opposite each tube The filhng and emptymg of the 
siphon causes the balance beam to rock, the vertical 
movement of the siphon operates the escapement, 
and the siphon dehvers once mto each tube m turn, 
the twisted cord providmg power for the rotation of 
the siphon The design of the siphon is critical and 
different siphons are required for HjO, EtjO, CHCI3 , 


etc Dehvered samples of alkali shov ed a range of 
± 3 % on titration 

Ions may be detected m the effluent from a 
chromatogram, or m the stationary phase of a 
partition chromatogram usmg smtably placed 
platmum electrodes, by changes m conductivity 
1000 cycle a c is fed to a bridge contammg the 
electrodes and the shde wire of a Cambridge record- 
mg galvanometer The out-of-balance current, after 
amplification, is fed to a phase-distmguishmg bridge, 
contammg a pau of matched diodes, which dehvers 
a d c output (whose sign depends upon the chreotion 
of the error of settmg of the first bridge) to the re- 
cordmg galvanometer which automatically corrects 
the error The movements of the siphon of the 
fraction cutter are recorded on the same chart as the 
conductivity 

Records obtained with pemciUm, streptomycm, 
and other substances were shown 
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Effect of Body Exposure to X-xays upon Bone Marrow By C Lutwak-Maitn' and F W Gttnz 
{BtocJieimcal Laboratory and Department of RadiotherapeiUics, Umversity of Gambndge) 


In the course of studies on certain aspect? of bone- 
marrow metabolism (Lutwak-Mann, 1947 a, 6) an 
investigation -was carried out on the effect of total 
body exposure to X-rays upon the bone marrow of 
rats and rabbits A smgle dose of 1000 r was given 
to rabbits (httermates, 1 8-3 kg ) and 600 r to rats 
(mbred stock, 200 g ) The period of observation was 
2 weeks, there was some loss of appetite and shght 
fall of weight, m rats occasionally mild diarrhoea 
Changes were observed m the appearance of the bone 
naarrow Already 6 hr after irradiation rat bone 
marrow was serm-flmd, after 1—2 days there was 
considerable admixture of blood whereas the 
haemoglobm content of marrow m untreated rats 
was comparable to blood diluted 1 16, m irradiated 
rats at this stage it corresponded to blood diluted 
1 2 or 1 4, specimens 6-8 da 3 m later were ‘fatty’ 
but of a thicker consistency and a browmsh pink 
colour, uhth a haemoglobm content hke blood 
diluted 1 9 Rabbit bone marrow was relatively 
httle altered untd 3—4 days after irradiation, when 
itfiequently appeared oedematous and gelatmous, 
sometimes, 10-14 days later, it still remamed 
oedematous 

With the above doses bone-marrow glycolysis and 


respiration m rats and rabbits was httle affected at 
6 and 24 lir after exposure , at 3-6 days it was very 
low, there was partial recovery m glycolysis of rats 
at 8 da 5 m, and m respiration at 10 days, after irradia- 
tion In rabbits low glycolysis and respiration per- 
sisted sometimes as late as 11 and 13 days, followmg 
irradiation 

Nucleic acid P showed a noticeable decrease m 
rat bone marrow 6 lir after irradiation Lowest 
values for nucleic acid P m both rat and rabbit 
bone marrow were found between the second and 
fourth day, but even 14 days after exposure it was 
atdl considerably less than m controls ATP m 
rabbit bone marrow feU a few days after irradia- 
tion and failed to return to normal 14 days 
later 

Histologically, sections of rabbit bone marrow 
taken 24 hr after exposure showed some mitotic 
abnormalities At 3 days there was evidence of 
severe damage, such as diminution m cellulanty and 
almost complete absence of nutoses Specimens 
taken 6 da}^ after irradiation as weU as at later 
stages showed distmct signs of recovery, although 
the metabohe measurements frequently remamed 
below those found in untreated rabbits 
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Investigations on Urinary ‘ Pregnanediol-like Glucuronide’ (FLG) The Isolation of A^®- 
androsten-3(a)-ol from Normal Human Male Urine By B W L Brookbbank and GAD 
Hasuewood {Physiology Department, Guy's Hospital Medical School, London, BE 1) 


A method has recently been described (Bisset, 
Brooksbank & Haslewood, 1948) for the estimation 
of sodium pregnanediol glucuromdate (NaP(?), 
based upon entrainment (as the banum salt), on a 
precipitate of barium phosphate and measurement 
of the colour produced by reaction of the glucuromo 
^id ivith naphthoresorcmol This method, when 
Bpphed to urmes, gave results which clearly mdi- 
cated that m addition to pregnanediol glucuromde 
other glucuromdes of similar solubihty were bemg 

estimated 

Havmg found that the content of normal male 
'orine m this ‘pregnanediol -hke glucuromde’ {PLO) 
■^es considerable (of the order of 6-7 mg /24 hr 
specimen), we have extracted PLO from this source 
on a large scale The material was extracted with 
a -butanol and entramed on barium phosphate as 
rn the quantitative method, it was recovered from 

'0 precipitate by dissolvmg tlus m HCl and re- 


extractmg with n-butanol Further purification of 
the crude PLO obtamed m this way was attamed by 
chromatographic awisorption on alumma 



I 

Acid hydrolysis of the glucuromde was unsatis- 
factory With the collaboration of Dr M Barber, we 
therefore used a stram of Staph albus Certam 


a2 
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strams of this micro-organism would hydrolj^e 
NaPQ, whilst some other bacteria would not (Barber, 
Brooksbank & Haslewood, 1948) Good recovery of 
free pregnanediol was obtamed after mcubation m 
‘Lablemco’ broth of 100 mg of ‘NaPff’ (Venmng) 
with Staph albtis 

The ether soluble material from mcubation of a 
similar quantity of PLG (assaymg at 76 % punty, 
calculated as pure anhydrous NaPG) was purified 
by chromatographic adsorption on alumma A^®- 
Androsten-3 (a) ol (I) , which smells strongly of musk, 
was obtamed m the first (hght petroleum) eluates 
It was freed from hydrocarbon hke impurities with 
methanol, crystalhzed from aqueous acetone, sub- 
limed in vacuo and finally crystalhzed from hght 


petroleum The final m p was 143-143 5°, mixed 
m p with authentic material (kindly supplied by 
Dr Prelog of Zurich), 142—3° (Found (Weiler) C, 
83 00, H, 11 26 Calculated for C^HgoO C, 83 20, 
H, 10 96 % ) 

A^®-Androsten-3(a)-ol has previously been isolated 
from swme testes, together with the Cg epimer 
(Prelog & Ruzicka, 1944) We consider that its 
formation by bacterial action m our experiments is 
extremely unhlcely, particularly as the presence of 
the jS-compound m our material has been mdicated 
by digitonm precipitation 

The other constituents of hydrolyzed PLG are 
being mvestigated 


REFERENCES 

Barber, M , Brooksbank, B W L & Haslewood, GAD (1948) Nature, Land , 162, 701 
Bisset, N G , Brooksbank, B W L (L Haslewood, GAD (1948) Btochem J 42, 3C6 
Prelog, V & Ruzicka, L (1944) Heir chim Ada, 27, 61 


Urinary Cholesterol in Cancer 1 Chemical State of Urinary Cholesterol and Methods of 
Estimation By M BtmoHELL and N F Maclagan [Department of Chemical Pathology, West- 
minster Medical School, London) 


Reasons are given for doubtmg the specificity of 
certam previous extraction and precipitation 
methods of estimatmg urmary cholesterol A new 
method of estimation dependmg on alummium 
tungstate precipitation has been developed which is 
smtable for normal supematanl urme Adsorption 
on alumma was successfully employed m the estima- 
tion of the cholesterol m deproteimzed urme but did 
not recover the whole of the cholesterol from normal 
untreated urme 


Experiments mvolvmg adsorption, aluminium 
tungstate precipitation and dialysis mdicate an 
association between the supernatant urme chole- 
sterol and a proteose fraction Much or all of the 
urmary cholesterol may at tunes be found m the 
mmary deposit, or associated with heat coagulable 
protem when present 


Urinary Cholesterol in Cancer 2 Urinary Cholesterol Excretion in Cancer and Control 
Subjects By M BtrECHELL, J H O Eablb and N F Maolagan (Department of Chemical 
Pathology, Westminster Medical School, London) 


Values are given for the 12 -hourly excretion of 
urmary cholesterol m 43 control subjects and m 79 
patients suffermg from various forms of cancer The 
cholesterol m the urme deposit (UD) normally 
vanes from 0 to 0 06 mg /12 hr m men, and from 
0 to 0 42 mg m women Tlie supernatant urme 
(SU) cholesterol vanes from 0 to 0 6 mg /12 lir with 
no sex difference Albummuna if present mcreases 
the SU cholesterol, haematuna or pyuna mcreases 
the UD cholesterol 


In 64 cases of cancer without albummuna the SU 
cholesterol was above normal m five, three of these 
cases having only shghtly raised values In 26 cases 
of cancer without haematuna or pyuria the UU 
cholesterol was withm normal limits In 67 cases of 
cancer without albummuna, the SU proteose was 
above normal m four cases 
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Estimation of the Anti.- pernicious Anaemia Factor By W F J Cuthbebtson {Research Ihmsion, 
Glaxo Laboratories Ltd , dreenjord, Middlesex) 


A growth factor for LactobaciUus lactis Domer ATCC 
8000 heis been shown by Shorb ( 1 947 ) to be present in 
highly refined hver e-ttracts The amounts present 
were, moreover, stated to be proportional to the 
anti permcious anaemia activity of these extracts 
AYe could not develop a satisfactory assay procedure 
on the basis of the meagre information published by 
Shorb, who herself states (Shorb, 1948) tliat the 
method may give widely divergent results even with 
crystallme ‘Bn’ We found, m agreement with 
Shive, Eavel & Eakm (1948) and Wright, Skeggs & 
Huff (1948), that this lactobaciUus requires ‘Tween 
80’ as well as tomato jmce and anti -pernicious 
anaemia factor (APAF) for maximal growth on 
semi synthetic media The further observation by 
Wnght et al (1948) that thymidine allows growth of 
Lb lactis Domer ATCC 8000 on mtamm By,- 
deficient media has been confirmed 
Shorb & Bnggs (1948) have recently reported 
the method used for B 12 assay AVe have been 
imable to obtam a response to APAF usmg them 
medium which appears to be deficient m growth 
factors required by our stram of Lb lactis Shorb 
Bnggs (1948) state that variants of Lb lactis 
are readily formed , it is possible that the strains 
we obtamed fropi the ATCC were all more 
exactmg variants of this organism 
The cup plate assay (Bacharach & Cuthbertson, 
1948) has been found adaptable to the determmation 
of APAF activity and to the detection of other 
members of the B^j group of microbiological growth 


factors m purified hver extracts as reported m the 
next co mmuni cation The medium used is essentially 
that of Roberts & Snell (1946), with the addition of 
tomato jmce, ‘Tween 80’ and 2% agar For an 
assay the sterde medium is melted, held at 45°, and 
moculated with a culture of Lb lactis Domer ATCC 
8000, 12 6 ml samples are then poured mto Petri 
dishes Holes are cut m the covered agar plates with 
a 10 mm cork borer Tliree drops of test or standard 
solution are placed m each of the appropnate holes 
and the plates are mcubated overnight After 16- 
24 hr the colomes developmg around the holes form 
sharply defined zones of exhibition Under our con- 
ditions zone diameters are proportional to the 
logantluns of the APAF concentrations over the 
range 0 02-0 6 fig cryst APAF/ml Microbiological 
assa 5 ^ and chnical trials of various hver preparations 
are bemg conducted, and it is hoped to report later 
on the comparisons 

Both anti -permcious anaemia factors contribute 
to the microbiological activity Unless the ratio 
of clmical to microbiological activity is the same 
for both of these substances this test alone will 
not exactly predict the clmical potency of hver 
extracts 

As a method of assay this has the advantage 
of speed and sunphcity, but it is relatively m- 
sensitive and somewhat susceptible to mterference 
by other members of the B^ group, preservatives 
and antibiotics, though this is usually easy to 
detect 
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Chromatography of the Vitamin B^j Group of Factors By W F J Cuthbebtson and E Lesteb 
Smith (Research Division, Glaxo Laboratories Ltd , Oreenford, Middlesex) 


have previously demonstrated the presence m 
luer extracts of two red substances climcally active 
against permcious anaemia (Lester Smith, 1948, 
bcster Smith & Parker, 1948) One was obtamed m 
crystallme form and is probably identical with 
'otamm Bj,’ (Rickes, Brink, Komuszy, Wood & 
Folkers, 1948) Slnve, Ravel & Eakm (1948) have 
sliowm that liver extracts contain thymidme, and 
that this at relatively high concentrations simulates 
the microbiological activity of vitamm Bj„ 


A combmation of partition chromatography on 
paper with microbiological assay on a solid medium 
permits the simultaneous demonstration of these 
three factors m liver extracts, together with a fourth 
nucrobiologically active component 

Water saturated n-butanol is the solvent used, 
with upward or downward development Two 
techmques are available for ohservmg the developed 
spots A drop of adequately purified material, con- 
taimng at least 10 of the factors, gives directly 
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Visible red spots The cry^taUine factor gives a single 
spot, but the mother liquors usually give a second 
famter and slower -monng spot and occasionally 
a third, which travels fastest and appears to 
be a microbiologicaUy mactive degradation pro- 
,duct 

The other technique can be apphed to fairly crude 
extracts and requires only 0 006-0 1 /ng of the 
factors , the developed strip is apphed to the surface 
of nutrient agar seeded with Lactobacillus lactis 
Domer (as used for the cup plate assay described m 
the preceding communication), bemg removed after 
10 n-nn , and the plate mcubated overnight The 
usual pattern is £in eUipse of growth not far from the 
ongm and another a few centimetres along, while 
much farther along, and beyond the position occu- 
pied by riboflavm (if present), are one or two zones 
of attenuated growth 

The first two zones are due to the two red factors, 
the third to a substance not yet characterized, and 
the fourth to thymidme (We are grateful to Dr T G 
Brady of Umversity College, Dubhn, for a generous 
gift of thymidme ) 


We have exammed by this teclmique samples of 
the ‘ ammal protem factor ’ of bacterial ongm* Two 
zones of strong growth and one or two of diffuse 
growth were always observed, and these were always 
m the same relative positions as the zones from hver 
extract 

In addition, preparations from three different 
bacterial strains, after purification by methods 
sumlar to those used for hver extracts, have re 
vealed pmk bands on sdica partition chromato 
grams, on elution the microbiological activity was 
found to be concentrated m these pmk bands 

We conclude that these bacteria elaborate the 
anti-permcious anaenua factor and probably also 
the second active red factor, as well as thymidine 
The term ‘animal protem factor ’ may thus become 
redundant, especially smce Stokstad, Page, Pierce, 
Franklm, Jukes, Hemle, Epstem & Welch (1948) 
have already demonstrated the activity of similar 
rmcrobiological material against pernicious anaemia 

* One sample was kmdly furnished by Dr T H Jukes 
of Lederle Laboratones Division, American Cyanamid 
Company 
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The Inhibition by Normal Horse Serum of (a) Trypsin and (b) a Proteolytic Enzyme of 
Clostridium welchu type B (A-enzyme) By Ethel Bedwell (The Wellcome Besearch Laboratories, 
Beckenham, Kent) 


The method of Oakley, Warrack & W^arren (1949) 
for titratmg sera for antibody to bacterial gelatmases 
has been found apphcable to the measurement of 
trypsm and trypsm-mhibitor activities m terms of 
an arbitrary standard preparation of try psm The 
test IS easy and gives reproducible results to withm 
10 % Phenohc preservatives do not mterfere 
The trypsm-inhibitor values of sera were com- 
pared with their power to inhibit the action of a 
bacterial protease on ‘azocoll’ (hide powder, dyed 
with a red dye , Oakley, Warrack & van Heynmgen, 
1946) Tlie bacterial enzyme used was the A-antigen 
of Clostridium welchu type B which dismtegrates 
azocoll, but not muscle or collagen ‘paper’, it is 
inhibited bv normal horse serum (Oakley etal 1 949) 
A-Inhibitor and trypsm inhibitor values were 
dotermmed m samples of (a) fresh normal horse sera, 
(h) sera which had been stored for several years, 
(c) sera wluch had been acidified to pH 4 0, mcubated 


at 37° for 0 6 hr and then neutralized, (d) fractions 
of normal horse sera dbtamed by saltmg out with 
ammomum sulphate 

The experiments showed that the overall trypsm- 
mhibitor and A-mhibitor activities of normal horse 
serum are not identical, the A inhibitor was more 
labile than the trypsm-inhibitor imder all the con- 
ditions tried The work of Schmitz (1938) and Grob 
(1946) and earher workers strongly suggests that the 
‘anti-trjqism’ of serum is eomplex The possibihty 
remains that one of the factors mlubitory to trjpsm 
also inhibits A enzyme Tlie trypsm-inhibitor was 
found to be more stable to agemg and acidification 
than the hterature would lead one to expect Three 
out of fcur sera, preserved with o cresol and stored 
6—10 years m a refrigerator, were stdl 40-70% as 
active m inlubitmg trypsm as an average fresh 
serum In experiments m wluch serum was fraction- 
ated with ammomum sulphate, not more than 50 % 
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of the A inhibitor could be accounted for , that which ammonium sulphate Trypsm -inhibitor was distn- 
was recovered appeared almost entnely m the buted between this fraction and the fraction soluble 
fraction precipitated between 16 and 30 % (w/v) m 30 % (w/v) ammomnm sulphate 
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An Effect of L-glutamate on the Loss of Potassium Ions by Brain Slices Suspended in a Saline 
Medium By H A Kkebs and L V Eggleston {Medical Research Council Unit for Research in 
Cell Metabolism, Department of Biochemistry, University of Sheffield) 


When shces of bram cortex were mcubated aerobic- 
ally m a saline medium contammg about the same 
concentrations of morgamc ions as blood plasma the 
potassium ions of the tissue were found to diffuse 
into the medium Addition of glucose to the medium 
reduced the loss of potassium by the tissue but did 
not prevent it Many substances were added to the 
medium to test whether they can prevent the loss of 
potassium, and L-glutamate wsis the only substance 
found to have this effect This is illustrated by the 
data given m the table 

L Glutamate has been assumed for some time to 


play a special role m the metabolism of bram and 
other tissues, because it is present m bram tissue m 
relatively large concentrations and is the only ammo - 
acid which is readily oxidized m this tissue, but so far 
it has not been possible to define this special role 
The present experiments mdicate that glutamate 
takes part m the control of the lomc environment of 
nervous tissue This result is of mterest m connexion 
with recent experiments of Hodgkin & Huxley 
(1947) and of Keynes (1948), which suggest that 
potassium ions are ejected from nervous tissue on 
stimulation 


Changes in the concentration of potassium ions in brain tissue and saline medium 
on incubation with different substrates 


(About 100 mg (fresh weight) gumea pig bram cortex shaken for 60 min m physiological sahne (Krebs & Henseleit, 


1932) Gas 6% CO„ 95% Oj 40?) 


Substrate added (final concentration) 

Initial concentration of K m shces (mequiv /kg ) 
Pinal concentration of K m shces (meqmv /kg ) 
Imtial concentration of K m medium (meqmv fl ) 
Final concentration of K m medium (meqmv /I ) 



Glucose 

L Glutamate 
(0 006 m), 
glucose 

L Glutamate 

None 

(0 02m) 

(O 02 m) 

(0 005 m) 

109 

109 

109 

109 

51 

76 

107 

72 

4 99 

4 99 

4 99 

4 99 

6 34 

6 01 

5 01 

5 61 
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determination of p-Ammosalicylic Acid in Body Fluids By J P Newhottse and W Klyne 
[Postgraduate Medical School, London, TF 12) 


Smith, Howie, Weiss & Swanson (1948) have 
escribed a method for the determmation of p- 
•'minosalicyhc acid m biological material usmg the 
reactions employed by Bratton & Marshall (1939) 
or the determmation of sulphonamides We were 
elopmg a simdar method when the paper of Way 
ol appeared, and had already discovered condi- 
lons m which the diazotization and couplmg could 


be earned out at room temperature instead of at 0°, 
as used by them We have subsequently introduced 
mto oin; method one feature of Way’s method, mz 
the addition of acetic acid at the couphng stage, 
which mcreases the mtensity of the final colour 
Oxalated blood, plasma or eerebro-spmal flmd 
(0 2 ml ) IS measured mto a test-tube contammg 
6 7 ml water The contents of the tube are shaken 
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and allowed to st£ind 3 mm Trichloroacetic acid 
(0 6 ml of 26 %, w/v) is added , after shakmg, the 
mixture is allowed to stand 16 mm and is then 
jBltered through a small Whatman paper (no 40 or 
42) mto a graduated centrifuge tube 

To 6 0 ml of filtrate, which must bo clear, are 
added 1 5 ml cone HCl and then 0 2 ml NaNO^ 
solution (1 %) The tube is shaken for 30-40 sec , 
and 1 0 ml of ammomum sulphamate reagent is 
added immediately (The reagent consists of 2 0 g 
ammomum sulphamate m 60 ml glacial acetic acid 
and 60 ml water ) The solution is shaken for 10 sec , 
and 1 0 ml of naphthylethylene diamine diliydro- 
chlonde solution (0 2%) is added The timing and 
shakmg at these stages must be uniform p Ammo- 
saheyhe acid gives a purple colour which attams its 
maximum mtensity after standmg 16 mm at room 
temperature and is stable for at least 3 hr Its mten- 
sity is measured with a photoelectric photometer, 
usmg a yellow-green filter (e g Ilford no 605) 

The colour produced is compared with that ob 
tamed from a standard representing 10 mg p 
ammosaheyhe acid/ 100 ml blood, which is prepared 


as follows A stock solution is prepared conta inin g 
183 9 mg sodium p-ammosahcylate dihydrate/1 , 
and 6 0 ml of this are diluted to 100 ml To 2 0 ml 
of this solution are added 2 6 ml water and 0 4 ml 
of trichloroacetic acid, and the solution is treated as 
the 6 0 ml of blood filtrate 

The blanlv used to set the instrument to zero 
consists of 0 4 ml tricMoroacetic acid and 4 6 ml 
water, treated as the 6 0 ml of blood filtrate A 
blood blank is not usually necessary, smee normal 
blood contains no significant quantities of mter 
fermg -substances The colour developed is directly 
proportional to thep ammosaheyhe acid concentra 
tion from 0 to 10 mg /lOO ml blood, but this hnear 
relationship does not hold strictly at higher con 
centrations 

Yfiien p ammosaheyhe acid (1-20 mg /1 00 ml ) 
was added to normal blood or cerebro-spmal flmd 
the followmg recoveries were obtamed blood 
77-94%, mean 85%, csf 90-100%, mean '94% 
Duplicates agreed wthm about 0 3 mg /lOO ml 
Streptomycin did not interfere m the determma- 
tion 
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The Determination of Bilirubin in Blood Plasma By E J Ktng and R V Coxon 


The Bacterial Oxidation of Aj-omatic Compounds By R A Evai^s, W H Pajib and W C Evans 
[Biochemical Laboratories, Department of Animal Health, University College of TFcrfr^, Aberystwyth) 


It has been shown (Evans & Happold, 1939, Evans, 
1947, Khlby, 1948) that the bacterial oxidation of 
phenol by a ^abno (01), and other micro organisms 
isolated from soil and faeces, proceeds accordmg to 
the followmg scheme 

phenol catechol -r o benzoqumone 

->hydroxyqumol -?■ 5 hydroxy-o benzoqumone 
|9-ketoadipic acid -> acetic and formic 
acids, etc 

The evidence for this metabohe pathway is based 
on chemical isolation of the mtermediates m most 
cases, the gaseous exchange, and simultaneous 
adaptation 

Startmg with benzoic acid as the sole carbon 
source, evidence has already been presented (Evans, 
1947) for the followmg pathway m the bacterial 
oxidation of this compound 


benzoic acid -> ‘a mono-hydroxybenzoic acid’ 
protocatechmc acid ‘a keto acid ’ 

-v simpler fatty acids 

We have now shown by cliromatographic methods, 
followed by chemical isolation, that protocatechmc 
acid IS decarboxylated giving catechol, which is then 
metabolized accordmg to the phenol scheme, givmg 
)5-ketoadipic acid, etc 

From adaptation experiments, evidence is pre- 
sented for the mew that the first oxidation product 
of benzoic acid may be p-hydroxybenzoic acid, 
although this compound has not, as yet, been iso 
lated from the bacterial culture The experiments 
utihzmg benzoic acid as substrate have been earned 

out with the vibrio (01), and Pseudomonas fluoreacens 

strains ASS and A3 9, the latter cultures havmg 
been kmdly supphed by Dr Stamer, Department 
of Bacteriology, Dmversity of Califorma, USA 


Evans, W C & Happold, F C (1939) 
Land , 68, 55 
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The Effect of the Inclusion of Bracken (Pteris aquihna) in the Diet of Rats By E T R Evans 
and W C Evans (Departtnent of Ammal Health, University College of Wales, Aberystwyth) 


Rats fed on a standard basal diet consisting of 

B D H Light White Sol Casern. 20 parts 
Sucrose dO „ 

Arachis Oil 16 „ 

BDH ‘Dunn’ Salt Mixture 6 „ 

Dried Yeast 10 „ 

(supplemented with radiostoleum, and a-toco- 
pherol), together with the addition of heat dried, 
ground bracken leaves (collected m July, when 
at maximum growth), m the ratio of 60 % basal 
diet to 40 % bracken powder, eventually developed 
symptoms of B^ deficiency Unless treated, they 
lost weight and died withm 1 month , the a n imals 
respond specifically to tluamme therapy This con- 


films the short note (with no details of diet) of 
Weswig, Freed & Haag (1946) on the anti-thiarmne 
activity of certam plant materials 

Some evidence mcmmnatmg the ‘ tanmn ’ fraction 
of the bracken was discussed, as playmg some 
role antagonistic to Bj Brehmmary growth experi- 
ments utdizmg Phycomyces blakesleeanus shows that 
tanmc acid exerts an inhibitory action on the growth 
of this fungus, at fairly low concentration, m a 
medium which is otherwise completely adequate for 
growth 

Bracken poisomng of farm animals is well known 
m certam parts of this country, and the unphcations 
of these experiments (mcludmg Bj therapy) were 
discussed 
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The Intestinal Conversion of Carotene to Vitamin A By S Y Thompson, R Beaxidb, A T Cowie, 


O' GanguIiY (Government of India Scholar) and S 
University of Reading) 

It 18 now established that carotene is converted to 
vitamm A m the small mtestme of the rat (Glover, 
Goodwm & Morton, 1947, Tliompson, Ganguly & 
Eon, 1947 , Mattson, Mehl & Deuel, 1947) and of the 
pig (Thompson et al 1947) We have only recently' 
leamt that Wagner (1939) holds a similar view about 
the whale 

In our experience the presence of fat is not 
essential for the absorption of vitamm A acetate by 
the rat The acetate was added as a solution in 
a hexane to a diet deficient m vitamm A previously 
exhaustively extracted with diethyl ether, and the 
hexane was allowed to evaporate ^-Carotene simi- 


K Kon (National Institute for Research in Dairying, 

larly added to the fat-free diet as a solution m diethyl 
ether was converted to vitamm A only to a very 
small extent When, however, the carotene was dis- 
persed m water by means of acetone m the way 
described by With (1939) and the colloidal solution 
was given, mixed with the fat-fine diet, to vitamin 
A deficient rats, the mtestmal conversion to vitamm 
A and the absorption of the vitamm A were nearly as 
efficient as with oily solutions (see table) Colloidal 
solutions of vitamm A prepared by the same method 
were also well absorbed 

Experiments with pigs deprived of vitamm A, 
with London cannulas m the portal vem or m its 


The appearance of vitamin A in the small intestine, blood and liver of mtamin A -deficient rats 
after a meal of i 5 mg of ^ carotene in colloidal or oily solution 

Mean valueB im u /rat 


Tune after 
dosmg 
(min ) 

0 

15 

30 

CO 

120 


Small mtestme 


Colloidal 

carotene 


Carotene m 
arachis oil 


CoUoidal Carotene m 
carotene arachis oil 

3 


The figures m brackets indicate the number of rats on which values for mtestme, blood and liver are based 



X 


PROCEEDINGS OF THE BIOCHEMIOAL SOCIETY 


mesenteric branch, sho'ri^ed, m agreement with the 
findmgs of Goodwm, Dewar & Gregory (1946) for 
the sheep, that after a meal of carotene m oil little or 
no carotene could be detected m the systemic or 
portal blood Vitamm A ester appeared m mcreased 
quantities m the blood withm 2 hr of the carotene 
meal , an mcrease m vitamm alcohol followed about 
2 hr later Vitamm A, exclusively m the ester 
form, appeared withm 76 mm m the lymph from 
the duct draulmg the mesenteric lymphatics and 


m the waU and contents of the small mtestine 
Under ultraviolet hght the mesenteric lymphatics 
showed the characteristic yellow fluorescence of 
vitamm A 

We are indebted to Dr 0 Isler of Hoffmann La Roche, 
Basle, for the gift of synthetic vitamin A acetate, to Dr M 
Van Eokelen, Utrecht, for ad\ico on the preparation of 
colloidal solutions of carotene, and to Dr C E Dent, 
Umversity College Hospital Medical School, for the loan of 
a cannula and advice on its use 
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The Pyruvate Oxidase System in Pigeon Bram and the Tricarboxylic Acid Cycle ByR V 
CoxoN*, C Le&becqI and R A Peters (Department of Bwchemistry, Umversity of Oxford) 


Usmg dialyzed homogenates from pigeon bram pre- 
pared by grmdmg m the ice-cold mortar (previously 
called ‘dispersions’ by Banga, Ochoa & Peters, 
1939), it has been found that citrate and an a-keto 
acid presumed to be a-keto glutarate accumulate 
durmg the oxidation of pyruvate m the presence of 
fumarate In absence of fumarate there is httle 
accumulation of these two substances, though a 
greater formation of acetate occurs Hence though 
citrate does not act catalyticaUy, the fact that it 
appears durmg pyruvate oxidation when fumarate is 
present is support for the participation of the Krebs 
tricarboxylic acid cycle and for the idea that the 
pyruvate oxidase system m bram tissue, as imder- 
stood m this laboratory, mcludes a major part of this 
‘ cycle ’ W^e assume that the citrate is formed from 
cia-acomtate accordmg to accepted theory In our 
preparations there appears to be a block m the 

* Betty Brookes Fellow 

t British Council Scholar 


enzymes of the ‘cycle’ at the tricarboxyho stage, 
this accounts for the failure of citrate to mcrease 
oxygen uptake as does fumarate (Banga et al 1939) 
and for the accumulation of citrate m the present 
experiments On the basis of such a block the reasons 
for the appearance of a-ketoglutarate are not yet 
clear, especially as it is also known that this 
dicarboxyhc acid can be oxidized by our prejiara- 
tions 

Smee the Neuherg-Case methods of pyruvate 
estimation do not distinguish between pyruvate and 
a-ketoglutarate 2 4-dmitrophenyl hydrazones, our 
estimations of these substances have been made by 
the method of Friedemann & Haugen (1943), usmg 
the Beckman spectrophotometer, and have been 
checked by conversion of a-ketoglutarate to suc- 
cmate (Krebs, 1938) and mdependent determmation 
of pyruvate by the Straub method (1936) 

We are grateful to R W Wakehn for teohmcal assistance 
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The Nature of the Prothrombin Deficiency in Dicoumarin Plasma ByC A Mawson {Pathological 
Laboratory, Boyal Bcrhshv c Hospital, Reading) 


iYhen protlirombm is ostimated in the plasma of 
patients recemiig diconmarm, i-esults obtamod by 
the one stage method varj -mth the thromboplastm 
used Venom-lecithm gnes higher and ox-lung 
extract lower results than those obtamod mth dried 
rabbit brain The two stage method, which is 
generally regarded as more rohablo, gives results 
irhich agree fairly well with those fomid by the 
lenom-lecitliin one stage method, but are sub- 
stantially higher than those obtomod vnth brain 
When normal plasma is mixed mth diconmarm 
plasma the bram results no longer differ grcatlj’- fi om 
those obtamed by the venom lecithin and tv o stage 
methods Tins suggests that normal plasma and 
venom lecitlim each contain somethiiig vhich is 
necessary for the estimation of prothrombin bj-^ the 
one stage method, but v Inch is deficient m bram 
and m diconmarm plasma 
The function of tins substance (or substances) 
seems cormected with the rate of con^ ersion of pro- 
thrombm to tlirombm iVlien a discropancj’^ exists 
between the bram and venom-locithm results m di- 
coumarm plasma, the prothrombin conversion time 
is greater than normal, but v hen the drug is stopped 
and the conversion tune returns to normal the dis- 
crepancy disappears Sometimes the prolongation 
of the conversion time is delayed and the discrepancy 
does not occur until the conversion time increases 
These facts cannot be explamed by deficiency m 
Factor 6 (Owren, 1947) because dicourmarm plasma 


contains a normal amoimt of this substance It is no 
loss officiont than normal plasma in restormg the 
activitj’- of normal plasma m which Factor 6 has 
boon decreased by agemg Furthermore, plasma 
deficient in Factor 6 gives lower results with venom - 
locithm than with bram, while the reverse is true for 
dicoumarin plasma 

A patient \nth non -tropical sprue, who had a very 
lowplasmaprotlirombmandmultiple haemorrhages, 
was treated with a vitamm K analogue The pro- 
tlirombm rose overmght to 100 % as measured by 
the bram one stage method and contmued at or 
abo\o this level until death a week later, but al- 
though tho haemorrhages decreased they did not 
cease Tho venom-lecithm method never gave a 
result higher than 61 % (moan 47 %), while the two- 
stage method gave a maximum of 62% (mean 63%) 
Tho situation appeared to bo exactly opposite to 
that found m dicoumarm plasma, for the conversion 
time of 1/60 plasma before treatment was 10 mm , 
which fell mthin 12 lir after gl^^ng vitamm K to 
2 mm However, mixtures of the treated sprue 
plasma with dicoumarm plasma consistently failed 
to show that it was more efficient than normal 
plasma m abohslimg the discrepancy between the 
results obtamed by the use of venom-lecithm and 
brain m the one stage method 

This work suggests the existence of accelerators of 
the conversion of prothrombin to thrombm, other 
than Factor 6 
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DEMONSTRATIONS 

Ancillary Apparatus for Chromatography (a) Mechanical Fraction Gutter, (b) Conductivity 
Recordmg Apparatus, (c) Method of Packing Kieselguhr Partition Columns with Aid of 
Perforated Plate on Long Wire Handle By S S Randaxl and A J P Mabtin 


A Device for the Rapid Calculation of the Molecular Rotations of Steroids B5 ^ W Klyne 
{Postgraduate Medical School, London, W 12) 


arton & Klyne (1948) have published tables of the 
molecular rotations of certam fundamental 
8 roid structures and the molecular rotation con- 
butions (A values) of substituents, which are 
0 laractenstic of the nature and position of the sub 
s ituents These A values are generally speakmg m- 


dependent of one another, unless the substituents 
are close together and exert vicmal action on one 
another (cf Barton & Cox, 1948) 

"Fb® values of compoimds where vicmal 

action 18 absent can be calculated by addmg to- 
gether the [Af]j5 value of the fundamental structure 
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and the A values of the substituents The calculating 
device consists of a senes of concentnc graduated 
discs on which are marked the fundamental [M]^ 
values and the A values {AJS, AO, AA and AK values 
for olefhuc double bonds and for hydroxyl, acetoxyl 
and keto groups respectively) These values can be 
added together by turning the discs about their 
common centre m the manner of a circular shde 
rule 

The extent of vicmal action m compounds where 


substituents are close together may be estimated by 
measurmg the difference between the [JlIJj, value 
calculated from the standard values m the tables, 
and the experimentally observed value 
The application of the molecular rotation differ 
ence method and the use of the calculatmg device in 
'helpmg to elucidate the structures of naturally 
occurring steroids was illustrated by examples The 
use of the calculatmg de\nce m the study of vicmal 
action was also demonstrated 
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The Determination of Plasma Iron with the Beckman Spectrophotometer By I P WoOtton 
and J C S Pateeson 


A Capillary Method for Determining the COg Combining Power of Plasma Byl D P Wootton 
and E J King (Postgraduate Medical School, London, W 12) 


This rapid method, which requires only a small 
amount of plasma, has been fovmd useful m estima 
tions of the COj combmmg power of ammal and 
human blood, and as a field method durmg the 
cholera epidermc m Egypt last year The plasma, 
equihbrated with Mveolar air, is mixed witli an 
equal quantity of a standard sulphuric acid and by 
trial the concentration of acid required to reduce the 
pH of the mixture to 6 6 is found This procedure 
was developed from that described by Wnght &, 
Colebrook (1921) 

Apparatus and reagents (1) Capillator set for 
chlorophenol red (British Drug Houses) (2) 


Standard sulphuric acids of various concentrations 
These are prepared by dilution of standard n/ 10 
acid, and are preserved m waxed bottles For 
most purposes the followmg senes of strengtlis is 
sufficient 

n/20, n/26, n/30, , n/66, n/60 

(3) Clilorophenol red solution, 0 04 %, m aqueous 
solution (4) Light blue optical filter, e g Ilford 303 
(5) Plasma or serum, eqmhbrated with alveolar 
COg 

Procedure A small Pasteur-type pipette is pre 
pared by fittmg a bulb to a capillary tube It is 


Table 1 Some of the parallel gasometnc and titninetric estimations 
used to find the empirical factor 



(^) 

(B) 

(C) 

Factor to reduce 

(D) 

Caleulated COj 
combmmg power 


Observed COj 

Normality of 

normabty to COg 

(using average 


combmmg power 

acid to reduce 

combmmg power 

factor) 

No 

(Van Slyke) 

pH to 6 5 

(C^AIB) 

(D=OxB) 

1 

40 

n/30 ’ 

1200 

38 

2 

30 

n/40 

1200 

29 

3 

36 

n/35 

1225 

33 

4 

48 

x/25 

1200 

46 

6 

63 

if/20 

1260 

58 

6 

50 

n/26 

1250 

46 

7 

10 

N/lOO 

1000 

12 

8 

10 

N/lOO 

lOOO' 

12 

9 

30 

N/40 

1200 

29 

10 

22 

N/60 

1100 

23 


Average factor from all determinations = 1166 (0) 
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graduated by marlong the tube at about 1 and 2 m 
from the open end, i o to contain 1 or 2 voliunes 
Two volumes of clilorophenol red solution aro with- 
drawn and discharged into a watch-glass, or on to 
a waxed slide TJsmg the same pipette, ono volume 
of one of the standard acids, followed by ono volume 
of serum or plasma, is withdrami, added to the 
indicator and well mixed 

The pH of the mixture is ascertained by drawing 
it up mto the pipette and comparing it with the 
standard tubes on the cord Tlie comparison is 
facihtated by viewmg the tubes b}’’ transmitted 
hght through the blue filter 


After woslung the pipette m distilled water the 
piocedure is repeated with another acid imtil the 
concentration of acid is found which will give a final 
pH of 6 6 

Calculation COj combinmg power m vol /1 00 ml 
= 1166 X normality of acid required to reduce pH 
to 6 6, 1 0 if acid was n /36, then COj combmmg 
powor= 1166 X 1/36 = 33 The figure 1166 is an em- 
pirical factor (see Table 1) found by comparmg 
titrations mth gasometric results A series of parallel 
determinations has shown that the standard devia- 
tion of the titration results from the gasometric 
results IS ± 4 vol /lOO ml 
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The Determination of Bilirubin in Blood Plasma E J ICtng, R V Coxon, L Ross and 
M Levine 


The Determination of Blood Constituents with the M R G Grey Wedge Photometer By 
E J King and P Rosenbaoti 


Attempts to Prevent Experimental Silicosis with Aluminium By E J Iving, B M Wkight, 
S C Ray and C V Habrison 


Case Records of Patients Treated with Dicoumarin By C A Mawson 



FORTHCOMING PARERS 


It IS hoped to pubhsh the following papers in the next issue of the Biochemical J oximal 

The influence of the pituitary on phosphorus metabolism of bram By M Beiss, F E Badbiok and Jean H 
Hat.kebston 

Studies on chohnesterase 6 The selective inhibition of true chohnesterase in vivo By Rosemaey D Hawkins 
and B Mendel 

The absorption of vitamin A m rummants and rats By E Eden and K C Sellers 

The decarboxylation of o hydroxyphenylalanine By H Blaschko 

Reducmg-group production from starch by the action of a- and p am 3 dases of barle}' malt Activity of a- and 
^ amylases By I A Pkeece and M Shadakshabaswajiy 

Changes m the extracellular and mtraceUular flmd phases of muscle durmg starvation and dehydration in adult 
rats By S E Dicker 

Colonmetnc detemunation of potassium by Fobn-Ciocalteu phenol reagent Bj' jM A M Abel Fadl 

The mcotmamide savmg action of tryptophan and the biosynthesis of mcotmamide by the mtestmal flora of the 
rat By P Ellinger and M M Abdel ICadeb 

The measurement of glucuromde synthesis by tissue preparations By G A Lewtl and IDE Stoeey 

The frequency distnbution of the zmc concentrations m the dental tissues of the normal population By D B 
Crtjickseank 

A biochemical study of Pseudomonas prunicola Wormald 1 Pectm esterase By G Barbara jMills 

The measurement of the cytochrome oxidase activity of enzyme preparations By E C Slater 

Studies on the absorption of proteins the ammo acid pattern m the portal blood By C E Dent and J A 
ScHiLLiNa Addendum Conjugated ammo acids m portal plasma of dogs after protem feedmg By H N 
Christensen 

The metabolism of sulphonamides 6 The fate of some n acyl derivatives of ambamide (Marfaml) and the 
sulphone, V335, m the rabbit By R L Hartles and R T Williajis 

The fluorimetnc estimation of nboflavm m foodstuffs and other biological material By E Kodicek and Y L Wang 

The fluonmetne estimation of mcotmamide m biological materials By D K Chattdhttri and E Kodioek 

The tryptophanase tryptophan reaction 9 The nature, characteristics and partial purification of the trypto 
phanase complex By E A Dawes and Frank C Hatbold 

Metabohsm of polycychc compounds 5 Formation of I 2 dihydroxy-1 2 dihydronaphthalenes By Joan Booth 
and E Boyland 

The excretion of synthetic oestrogens as ethereal sulphates and monoglucuromdes m the rabbit and m man By 
S A. Simpson and A E Wilder Sboth 

The formation of hydrogen earners by haematm-catalyzed peroxidations 2 Some reactions of adrenalme and 
adrenochrome By J E Falk 

The substrate specificity of the tyrosme decarboxylase of Streptococcus faecalis By G H Sloane Stanley 

The effects of apphed pressure on secretion by isolated amphibian gastno mucosa By R E Davies and C Tebneb 
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The 273rd Meeting of the Biochemical Society luas held at the Westminster PLospxtai Medical School, 
n Horseferry Road, London, S IV 1, on Saturday, 12 Februaiy 1049, at 11 am, and tool, the form of a 
Symposium on 'Biochemical Aspects of Oenehes' 


COM]\rUNICATIONS 

Introduction ByJ B -S BLaxbane {University College, London, TF G 1) 


Genefcical research has revealed the presence m cells 
of at least two types of self-reproducmg umts, 
nuclear units or genes, and extranuclear units Both 
are capable of self-reproduction for an mdefirute 
penod, thoughhabletobelost, dupbeated, or changed 
mto a new self-reproducmg form In bactena the 
distmction becomes imcertam, smee a unit is usuall 5 i- 
only assigned to the nucleus because it is inliented 
according to Mendel’s laws or some modification of 
them m sexual reproduction 
Three questions have to be answered concerning 
each such umt What is it , what does it do , and how 
IS it reproduced, with or without alteration ? Roughly 
speaking, we may say that each gene is responsible, 
not for a umt character, such as a form or colour, but 
for a umt biochemical process It is possible that 
antigens are immediate products of gene action, but 
in general when a gene is responsible for a step in a 
synthesis it probably acts b j”- catalyzmg the synthesis 
of an enzyme Besides controUmg catalysis, genes 
may control membrane permeability, and doubtless 
many other biochemical processes 
The chromosomes are generally beheved to consist 
mainly of deoxynbonucleoprotem The gene-bke 
bactenal transforming substances discovered by 
Avery, Macleod & MacCarty (1944), Boiian, 
Fen^ly & Lehoult (1946) and their colleagues 
occur m highly purified deoxyribonucleic acids. If, 
as seems likely, there is no sharp hne between the 
extranuclear umts and molecular viruses, these inay 
consist of either type of nucleoprotem It is an 
attractive speculation, though at present no more, 
that the fundamental pattern of a gene can be ex- 
pressed either m nucleic acid or protem, and copied 
from One to the other 

Any mterference with the normal seif -repro- 
ductive process is called mutation In Drosophila 
spontaneous mutation has a fairly high temperatjure 
coefficient, and is therefore a biochenoical process 
Mutation can be produced by a large variety of 


biochemical agents rangmg from formaldehyde 
tlirough mustards and caremogens to antibodies 
Smee X-rays can produce mutation ijot only by 
direct action but by action on the culture medium 
(Stone, Haas, Clark & Wyss, 1948), and m one case 
at least (Tlioday & Read, 1948) are three tunes as 
mutagemc m the presence of oxygen as m its absence, 
it seems likely that mutation is always a biochemical 
rather tlian a biophj'sical process In some cases 
the genes are changed directly In others the mter- 
ference may be with them reproductive process 

Some of the extranuclear umts reproduce m a 
variety of conditions Others are formed m the 
presence of certam genes if the environment is 
favourable, but can then be reproduced mdefimtely, 
even m the absence of the genes concerned This is the 
case with adaptive enjymes m yeast, responsible for 
the fermentation of galactose and mehbiose (Spiegel- 
mann, Lmdegren & Lmdegren, 1946), which persist 
so long, but only so long, as these sugars are supphed 
It is not certam whether the self-reproducmg umts 
are the enzymes or systems responsible for their 
production The former is the simpler liypothesis 
If there are catalj^sts which reproduce when they 
catalyze, as there are others which are used up m 
this process, we may expect that abnormal physio- 
logical activity or maetmty of genes may mduce 
them to mutate m a manner which would be on the 
whole adaptive 

Geneticists should be able to offer to biochemists 
races of the same species differmg only m respect of 
one particular biochemical process It is for the 
biochemists to discover what that process is Smee 
geneticists commonly detect gene differences on 
the basis of morphological differences, this means, 
among other thmgs, that the biochemistry of some 
critical steps m morphogenesis can be mvestigated 
On the other hand geneticists are likely to reach far 
greater precision m their work by using biochemical 
critena wherever possible 
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Genetic Control of Biochemical Synthesis as Exemphfied by Plant Genetics — Flower Colours. 
By W J C La WHENCE {John Inncs Horticidtural IneMution, London, S W 19) 


In 1909, Onslow, working with Anttirhtnum majus, 
made the first chermco-genetical investigation on 
flower colour and put forward the suggestion that 
anthocyamns were derived (sequentially) from 
anthoxanthins With this exception, the work of 
biochemists and geneticists was pursued separately 
until about 1930 Each group had by then accumu- 
lated sufiicient knowledge and adequate teclimques 
to enable jomt studies to jueld rapid and dlummatmg 
results Scott Moncrieff, at Haldane’s suggestion, 
and later Price, workmg with the geneticists at the 
John Innes Institution, showed that anthoo 3 ’'ainn 
production, amount, state of oxidation, degree of 
methylation and gtycosidal type were each deter- 
mined bj'- simple gene relationslups Flavone and 
clialkone production and amount were found to be 


Garrod’s Conception of Inborn Error and its 

LohoraUyry, Umverstty College, London, W C 1) 

Garrod emphasized that biochemical differences 
could be found between members of the same species 
as woU as between mdividuals of different species 
He exammed alcaptonuria and other rare con- 
ditions m which specifically abnormal metabolism 
could be detected both fi'om the chmcal and genetical 
pomts of view He was able to demonstrate that 
rare Mendehan recessive genes would give rise to the 
famihal appearances, which are found m most of 
these conditions The analysis enabled him to explam 
for the first time the special significance of mbreedmg 
in man This new biological approach laid the 
foundation for an understandmg of metabohc ab- 
noixnahties m man on the supposition that bmgle 
gene differences between mdividuals could detenmne 
not only primary abnormahties hke albinism and 
alcaptonuna but also secondary clmical effects such 
as are shown m diabetes 

It IS convement to separate those conditions 


similarly governed A further advance was the 
discovery m Dahlm that there was competition m the 
production of anthocyanm, flavone and chalkone, 
accordmg to gene dosage, impl 3 ung parallel pro 
duction from a common precursor The theory 
advanced for pigment production m Dahlia was 
found to support the important suggestion by 
Robmson, that different anthocyamns, etc , were 
derived from tlie same mtermediate, bmlt up from 
tw o he\ose and one trioso imit by a senes of aldol 
condensations and doh 3 ’’drations On this hypo 
thesis, c^mnidm is synthetically the simplest antho 
cyamn It is also, m fact, the most commonly 
occurrmg anthocyanm m flowers and leaves, 
especially m the least lughly evolved dorrermg 
plants 


Development By L S Penrose (The Qalion 

deterrmned by a gene m homozygous recessive form 
from those m which the causal gene is heterozygous 
(mcompletely recessive) The homozygous condi- 
tions, winch mclude albmism, pentosuria, fructo- 
suna, phenyllcetonuria and (m many cases) alcapto 
nuna, cystmuria, hpoidoses, methaemoglohmuna, 
are constant in their manifestation tliroughout 
hfe The he'terozygous conditions are ohmcaUy more 
variable and may first develop m adult hfe as 
m acute porphyrmuria and some types of cystmuria 
It would be of great mterest to Icnow the nature of 
the homozygous forms of these mcompletely 
recessive conditions Conversely, the earners of 
recessive abnormahties may sometimes show mild 
pecuhanties 

Tlie scope of Garrod’s idea is very wide, and it 
may be said that it is now a fundamental prmciple 
m human genetics to express inherited mdividual 
differences m terms of biochemistiy 
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The Interpretation' of Biochemical Detail Revealed by Inborn Errors By C Rimington 
{University College Hospital Medical Scltool, London, IF G 1) 


Inborn metabohc error, accordmg to modern usage, 
may be described as a deviation bom the meta 
bolism normal to the species, manifesting itself 
either sooner or later m the life of the mdmdual and 
referable to the genetic composition of the latter 
Garrod clearly mterpreted the metabohc errors he 
m%-estigated as bemg due to the congemtal absence 
of some particular enzjmie required to complete a 
step of normal metabohc change This gave rise to an 
accumulation of the mtermediate product 
It IS felt that other possibilities hai e to be borne 
m mmd, as, for example, that the error may be such 
to gi\ e rise to a product of qiute foreign structure, 
a metabohc pen^ersion, or to a failure m excretion or 
absorption In the latter case it is not necessary t-o 
postulate any defect m mtermediate metabohsm 
per se 

The tliree known mbom errors affecting the 
aromatic ammo-acids, phenylketonuria, tjwosmosis 
and alcaptonuria, are probably examples of meta- 
bohc arrest m Garrod’s sense, altliough there is some 
suggestion that a renal function may be partly, at 
least, responsible for alcaptonuria 
The excretion of unc acid by the Dalmatian dog is 
an excellent example of metabohc anomaly w Inch 
has been proved to be of entirely, or almost entirely, 
renal ongm, the Dalmatian bemg unable to reabsorb 
unc acid from its glomerular filtrate (Friedman 
& Byers, 1948) Although its tissues contam as much 
uncase as other dogs, the substrate and enzyme are 
apparently not m contact long enough for produc- 
tion of normal quantities of aUantom It is pomted 
out that the mabihty to retam or absorb unc acid 


may extend to cells of the body other than the 
tubule colls, and tins consideration becomes of im- 
portance wdien trymg to mterpret the data of other 
metabohc anomalies 

In cystmuria, the urme contains besides cystme 
a pattern, variable from case to case, of other ammo- 
acids, among which leucme and lysme are promment 

It has been suggested by Dent (1948) that tlie 
error m this condition is a renal one, the absorption 
of a group of substances by the tubule bemg affected 
Such an hypothesis receives support from the effect 
of admuustered leucme m raismg the output of 
cystme, no doubt by competmg with cystme for 
reabsorption by a particular group of tubule cells 
Cortam cases have been recorded — usually infants 
or ymung children — m wluoh a condition of renal 
rickets was present, and after death extensive 
deposits of cystme wnre found m the mtemal organs 
Cy'stmuria has rarely, if ever, been proved m these 
cases V Inch may be examples of a different disease 
entity, ‘cystme storage disease’ (Russell & Barrie, 
1936) Abderhalden’s (1903) case was possibly of this 
type Altemativelys one might suppose, as did 
Garrod, that an mitial cystmuria can so damage the 
glomeruh that renal function fails and the un- 
excreted products become deposited m the tissues 
of the body 

It IS felt that the few examples chosen mdicate 
that the mterpretation of biochemical detail pre- 
sented by any genetically controlled anomaly 
demands a surx'ey on a broader physiological basis 
than that exemplified by Garrod’s conception of 
mbom metabohc error 
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Chemical Induction of Mutation By J G 
S IF 3) 

Differences in the rate of spontaneous mutation 
V'ere long known to arise m different physiological 
conditions, mdicatmg that chermcal influences 
could be active But only m the last few years 
lave chemicals been discovered which will act 
directly with the chromosome materials to yield 
new genetic forms The four mam types of com- 
pounds are 

1 ‘Mustard’ compounds, discovered by Auer- 


Cabb {Chester Beatty Research Institute, London, 

bach and Robson These are active m most species 
tried, and have been studied m most detail 

2 Carcmogemc hydrocarbons, first reported by 

Strong as active m mice These are probably m- 
active when fed ^ 

3 Carbonyl compounds, studied by Rapoport m 
Drosophila, these maybe active only when mixed 
with the food, and an altered food constituent may 
be the active matenal 
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4 Phenolic compounds, studied by various 
workers, and another group of miscellaneous 
compoimds 

So far, aU compoimds are ‘radiomunetic’, 10 
they react apparently mdiscrimmately with all 
parts of the chromosome, and differ from the action 
of radiations quantitatively rather than [quahta- 


tively The mode of reaction with the gemc 
material is unknown, and no compound reactmg, 
with only one gene has yet been obtamed 

These chemicals are already of importance, not 
only m genetics, but also, for example, as a sub- 
stitute for radiation m some lands of mahgnant 
disease 


Gene Action and Mutation By D G Catoheside (Botany School, Downing Street, UmvereUy of 
Cambridge) 


The biochemistry of the gene, particularly as regards 
the nature of mutation, can hardly at present be 
studied more closely than at third hand It is generally 
accepted that specific genes mediate the production 
of specific enzymes which m turn catalyze specific 
metabohc processes Normally, a mutation is 
detectable only by a change m the specific metabolic 
process catalyzed, and the type of gene change can 
be specified at best only m terms of probable 
differences m the enzymes produced In cases where 
a senes of multiple aUeles of a specific gene is avail- 
able, some are found to determme the same specific 
metabohc process, but under more restricted en- 
vironmental conditions than is characteristic of the 
wild type and to be mactive under other conditions 
Such mutations are to be understood as gene changes 
which leave the gene still able to mediate the pro- 
duction of an enzyme with the particular specificity 


but with more restricted stabdity, for example, as 
regards temperature or pH More extreme mutations 
show the loss of activity under aU conditions withm 
which the organism is viable Some of these are able 
to revert, or back mutate, to wild type In these, an 
almost mtact gene capable of reproduction must 
persist, and we may postulate for them either xm- 
changed specificity coupled with total loss of enzyme 
stabihty or a change or loss of specificity with or 
without stabihty changes The former are probably 
much the commonest The latter have not been 
observed, perhaps mainly because of techmcal 
difficulties Others of the extreme mutations appear 
to be total losses of the enzyme, smce back mutations 
never occur, and in some cases there are other 
mdications of genetic deficiency Most artificial 
mutagemc agents appear to mduce the more extreme 
types of alteration 


New Fields in the Biochemical Genetics of Micro-organisms By G Ponteoobvo (Department of 
Qenetics, the University, Glasgow, W 2) 


Recent techmques brmg withm the scope of genetics 
a range of micro-organisms mcludmg yeasts, moulds 
with and without a sexual stage, bacteria, bacterio- 
phages and Protozoa These techmques, and m 
particular that of Beadle and Tatum for the isolation 
of strains with hereditary blocks m the synthesis of 
essential metabohtes, make possible the mvestiga- 
tion of the genetical control of metabohc processes 
m micro organisms, an mvestigation which was con- 
fined to higher organisms up to ten years ago Smce 
micro-prganisms lend themselves to more extensive, 
and often more detailed biochemical analysis, a far 
more precise knowledge of the correlations between 
genetical architecture and biochemical activities is 
now on the way The former consists of spatial 
patterns which the geneticist can analyze almost 
down to macro-molecular detail, knowmg, however, 
next to nothmg about their chemical basis , the latter 
consist of senes of chemical reactions, which the 
biochemist can analyze m detail as to their steps and 


their time sequence, knowmg, however, next to 
nothmg about their spatial orgamzation The gap 
between the two has somewhat narrowed foUowmg 
the discovery that, m certam cases at least, each of 
the umts of genetical pattern — each gene — seems to 
control specifically, via an enzyme, a simple step m 
a cham of biochemical reactions 

A crucial problem, open to immediate experi- 
mental attack, IS whether the organization of the 
genes m space and tlie tune sequences of biochemical 
steps which they control are m any way connected, 
as are operations along assembly hnes There is some 
suggestion of this m the genetics of higher organisms, 
and two examples are known m Neurospora, but they 
may be no more than fortuitous A search for close 
linkage between the genes controlhng consecutive 
steps m one and the same cham of biochemical 
reactions is certainly worth making, m the writer s 
view the two most promismg t3q)es of reactions are 
those of millimicromolar order (vitamm-hke sub- 
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stances), and tliose for the synthosis of specific 
polypeptides, polysaccharides and poljniucleotides, 
■n-hicli also may be of inillimicromolar order For 
bodi, exploratory work is m progress m our 
laboratory 

In addition to these finest details of spatial pattern 
m biochermcifi processes, the investigation of winch 
13 now possible but may well prove to bo based on 
■wrong assumptions, the genetics of micro-organisms 
provides means for stndjnng cruder tj^ios of bio- 


XIX 

chemical orgamzation , e g locahzation of reactions 
m certam parts of the cell, concentration gradients, 
permoabihty of nuclear and cell membranes, etc 
Essentially, the tecluuque consists m obser-vmg the 
course of two reactions when the allelomorphs of 
two genes, controUmg these reactions are arranged 
in the trans-(AbjaB) as compared with the cis- 
(AB/ab) configuration between two cells, two nuclei 
wthm a cell or two cliromosomes witlnn a nucleus 
Examples of this techmque were given 


Adaptation, Mutation and Segregation in Relation to the Synthesis of Enzymes by Bacteria 
By Jacques Monod {Pasteur Institute, Pans, France) 


The assumption that simple relations exist betn een 
genes and enzymes is explicit or implicit m all the 
■work on biochemical genetics 
In trjnng to specify and define this hjqDotliesis one 
IS led to consider the appeahng idea that these 
relations may be the simplest possible, namely, one 
to one This ivas proposed bj’’ Beadle and sub- 
stantiated by the work of his group on genetic 
control of the biosynthesis of essential metabolites 
The great measure of success achieved by mvesti- 
gationa based on this hypothesis suggests a further, 
more strmgent one why not assume identity between 
the specifio gene and the specific enzjnne assumed to 
control a given biosynthetic reaction t Whether right 
or -wrong, this hypothesis, proposed by McBwam, is 
certainly useful, smee it leads to the mterestmg 
experiments reported by Dr Pontecorvo 
It should be noted, however, that these develop- 
ments are almost entirely based on consideration of 
biosynthetic reactions studied -with h-vmg cells, and 
assumed -to be brought about by specific enzymes 
It IS e-vident that m most cases the enz5unes are 
defined exclusively by the specificity of the genetic 
differences, so that one imglit be led to considermg 
the properties of circular reasonmg 
At this pomt it should be remembered that specific 


factors other than genetic differences are known -to 
control the synthesis of certam enzymes by micro- 
organisms Such 18 the case for numerous adaptive 
enzymes, formed by the cells exclusively m the 
presence of a specific substance, the substrate of the 
enz5une For instance, m E call ML, lactose is spht 
by a typical lactase, and maltose is attacked by 
another specific enzyme, amylomdUase Both en- 
zymes have been extracted from the cells, and 
partially purified Both have been sho-wn to be 
present only withm cells cultivated m the presence 
of each substrate On the other hand, genetic control 
of these two enzymes can also be demonstrated by 
a study of spontaneous and mduced mutations The 
mutations show mdependence and specificity 
Furthermore, usmg Lederberg’s stram, recombma 
tion of the maltose and lactose characters can be 
demonstrated, and it would seem that the pheno- 
menon IS not affected by the ‘ state of adaptation ’ of 
the cells 

These observations are entirely compatible with 
the ‘simple relation’ hypothesis They are hardly 
compatible, however, -with the ‘ identity ’ hypothesis 
In any case they tend to show that both genetic and 
external specifio factors mteract m the synthesis of 
specific enzymes 
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The 274th Meeting of the Bwchemical Society was held at St Thomas's Hospital Medical School, Ltmdon, 
S E I, on Friday, 18 February 1949, at ipm , when the following papers were read 


COMMUNICATIONS 

Non-nucleic Acid Protein-bound Phosphorus By J N Davidson, Majry Gabdneb, W C 
Hutchison, W M McIndoe, W H A Raymond and J P Shaw (Biochemistry Departments of 
St Thomas's Hospital Medical School, London, SJS 1 and The University, Glasgow, W 2) 


When a tissue is extracted with acid and then with 
hpid solvents so as to remove acid-soluble P and 
hpid P, it IS generally assumed that the protein- 
bound phosphorus which remains is derived from 
ribonucleic acid and deoxyribonucleic acid This 
protem bound fraction also mcludes phosphopro- 
tem P which is frequently taken to be neghgible m 
animal tissues (cf Sclimidt & Tharmliauser, 1946) 
If this assumption is correct the specific activity of 
the protem bound P fraction obtamed from the 
tissues of rats and rabbits receivmg P^“ should he 
between the values for the specific activities of the 
P m the isolated nucleic acids We have found, 


however, that the activity of the protem-bound P 
13 very much greater than that m the P of either of 
the nucleic acids An active fraction is liberated as 
morgamc P when the extracted tissue residue is 
mcubated with alkah and is therefore presumably 
present m the tissue as phosphoprotem P Although 
the amount of P m this fraction is minute, its 
activity IS very high Tins active fraction has been 
found m hver, spleen, thymus and mtestmal mucosa 
and appears to be present m both cytoplasmic and 
nuclear material Its occurrence has been demon- 
strated m isolated hver-cell nuclei 
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Further Studies on the Porphyrins of Acute Porphyria By R R MoSwiney, R E H Nicholas 
and F T G Pbunty (Departments of Chemical Pathology, St Thomas’s Hospital Medical School, 
London, S E \ and University College Hospital Medical School, London, W C 1) 


Additional confirmation has been obtamed of the 
fact that the uroporphyrm of acute porphyria is 
mamly a type I isomer 

Studies of a further case have been made showmg 
m an attack the excretion of up to 2 8 and 4 3 mg / 
day of coproporphyrm m urme and faeces re- 
spectively, and of 36 and 2 mg /day of uroporphyrm 
m urme and faeces respectively Chromatographic 
separation of the porphyrins on alumma have shown 
the urme and faeces to contam similar porphyrins 

Paper chromatography has shown that the por- 
phyrm, m p 227°, has probably five carboxyl groups 


and mdicates the presence of mmute amounts of 
another porphyrm, not isolated, wntli seven car- 
boxyl groups 

Urme Faeces 


Coproporphyrm I I, small amounts of 

TTT present 

Umdentified porphyrin m p 227-232° m p 222-227° 
Uroporphyrm m p 271-274° m p 272-276° 


The uroporphyrm appeared to be a type B 
porphyrm of Watson’s classification, which on de \ 
carboxylation juelded mamly coproporphyrm I with 
evidence of small amounts of HI 


Studies on the Effect of the Substitution of Deuterium in the Methylene Groups of Succinic Acid 
on the Action of Succinic Dehydrogenase By M B Thobn* (mtroduced byF G Young) 
(Department of Biochemistry, University College, London) 


The widespread use of deuterium as a tracer isotope 
m biological experiments appears to have been based 
largely on obseri’-ationa showmg that concentrations 

• Present address Department of Biochemistry, 6t 
Thomas’s Hospital Medical School, London, S E 1 


of DjO of up to 10 % had no influence on a variety of 
biological and biochemical processes (e g Dungem, 
1936) Theoretical calculations by Eyrmg & Sherman 
(1933), however, mdicated that m chemical reactions 
at ordmary temperatures deuterium would react at 
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least 60 % more slowly than hydrogen These calcu- 
lations have been supported by a great deal of 
experimental work on relative rates of proton and 
deuteron transfer (e g Wynne-Jones, 1934, Wilson, 
1936, Bonlioeffer, 1938), and it is therefore of 
interest and importance to mquire more deeply mto 
tlie justification for the use of deuterium ns a tracer 
isotope The experiments reported here were under- 
taken m an attempt to determme the effect of the 
substitution of "deuterium for hj^drogen m a sub- 
strate on the action of an enzyme 
The preparation of succmic dehydrogenase which 
was used was the reconstructed succmic oxidase 
system of Keihn & Hartree (1938, 1940) Succmic 
a Dj, a' D, acid (tetradeuterosuccmic acid) was pre- 
pared, and its rate of enz 5 mnc oxidation was com- 
pared with that of normal succmic acid, prepared by 
analogous methods, by measurement of oxygen con- 
sumption m Warburg manometers at 37° It was 
found that tetradeuterosuccmic acid was oxidized 
at about 40 % of the rate of oxidation of normal 
succmic acid By measurement of the rates of 
oxidation at different temperatures it ivas demon- 
strated that the slower reaction of the douterated 
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substrate was accompamed by an activation energy, 
lugher than that of tlie reaction of the normal sub- 
strate by about 1 kcal The activation energy of the 
reaction of succmic acid was 116 + 016 kcal , tins 
result is m fau agreement with the figure of 
11 2± 0 2 kcal obtamed by Hadidian & Hoagland 
(1939) 

Fiuthermoro, by measurmg the rates of oxidation 
at a number of substrate concentrations, the 
hlicliaelis constants of the enzyme, calculated by the 
methods of Lmeweaver & Burk (1934), were found 
to be 1 2 X 10~®M with respect to succmic acid, and 
'2 2 x10“'’m witli respect to tetradeuterosuccmic 
acid A difference m Michaehs constants was con- 
firmed by competitive mixed substrate experiments 
m winch it was shown that succmic acid m mixtures 
ivith tetradeuterosuccmic acid was oxidized pre- 
ferentially 

Succmic a D, a'-D acid (dideuterosuccunc acid) 
was also prepared, and was found to be oxidized at 
about 70% of the rate of oxidation of normal 
succmic acid This figure is m agreement with the 
results obtamed by Erlenmeyer, Schonauer & 
Sulhnann (1936) 
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Oxidation of the Blood Group A- substance with the Periodate Ion By D AMnroFF and 
W T J Morgan {Lister Institute of PrevenHve Medicine, London, S W 1) 


Apart fi-om the methylation studies of Bray, Henry 
^ Stacey (1946), few structural mvestigations 
have been earned out on the blood group A sub- 
stance Oxidation of the A- substance with periodate 
offers an additional method of mvestigation 
A rapid loss of both serological properties of 
t e A substance results on oxidation at R T wnth 
I^nodate at pH 6 (acetate buffer) and at pH 7-7 6 
(i aHCOj) Tlie action at pH 6 18 essentially complete 
6 hr Results mdicate that one molecule of 
P^iodate IS reduced by 430 g of A-substance At 
^ ® oxidation is more extensive, and even after 

u Substantial reduction of the periodate is still 

obserx'ed 

Qualitative tests on, and cliromatographic 
®ua jfsis of, the A 'substance after oxidation at pH 6 


for 24 lu mdicate that of the constituents potentially 
susceptible to oxidation only fucose, galactose and 
part of the chondrosamme are oxidized 

Formaldehyde and formic acid, but no acetal- 
dehyde or ainmoma, are produced durmg the oxida- 
dation Tlie formaldehyde hberated was detemamed 
and characterized as its dimedone derivative 
(Reeves, 1941) Methyl-W-acetylglucosammide gives 
no formaldehyde, whilst N acetylglucosamme yields 
93% of the expected formaldehyde The formic acid 
hberated was determmed after oxidation at 2-4° 
with NalOj for 26 hr (Potter & Hassid, 1948) The 
amoimt of formaldehyde and formic acid formed can 
be used as a measure of the cham length They are 
produced m eqmmolecular proportions and agree 
with a molecular weight of 1800 as obtamed from the 
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analytical figures of the constituents of the A-sub- 
stance 

The A-substance gives a colour with Ehrhch 
reagent (see Morgan & Elson, 1934) equivalent to 
about a quarter (13 %) of the total N-acetylhexos- 
annne (46 %) As methyl-N-acetylglucosamimde 
does not give a colour under these conditions it may 
be assumed that one m four of the N-acetyUiexos- 
aimne imits is a reducmg terrmnal group From 
the chromatographic data this is N acetylchondros 
amme, and accounts for the formaldehyde hberated 

An acetic acid hydrolysate of the A-substance 
3 uelds on oxidation with periodate, acetaldehyde 
but not ammoma Re oxidation of the acid hydro 
lysis products of the oxidized (pH 6 0, 24 lir ) A- 
substance 3 uelds no acetaldehyde Baer, Dische & 
Kabat (1948)andAmmo£f,Morgan&Watkins (1948) 
have shown that mild acid hydrolysis of the A- 
substance readily ehmmates the fucose without 
significant hberation of the other sugars, which 
suggests that fucose is an end-group and, from the 
oxidation results, that it is a non-reducmg end- 
group winch camea a free hydroxyl group attached 
to C atom 4, and possesses a pyranose rmg struc- 
ture 

Kabat, Baer & Knaub (1949) record a figure of 1 8 % 


fucose for a preparation of our A-substance On the 
basis of this figure a molecular umt of 1800 would 
contam two fucose residues The acid hberated, 
however, accounts for one termmal fucose residue 
only Carbon atom 3 m the fucose units must be 
unsubstituted to account for the observation that all 
the fucose m the A substance is oxidized Hence, 
the hydroxyl group at carbon atom 2 of the non 
terminal fucose molecule is presumably mvolved m 
the glycosidic hnkage 

The followmg structural unit for a polysacchande 
moiety of the A-substance is m agreement with the 
serological, quahtative and quantitative chemical 
data obtamed 

L-fucose 

I 

L-fucose 

I 

N -acetylhexosamme 

I 

D -galactose 

I 

N-acetylliexosamine 

L I 

N-acetylchondrosamine 
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Turbidities in the Estimation of Serum Proteins by the Biuret Method By J W Keyseb and 
J Vaughn {Welsh Natwnal School of Medicine, Royal Infirmary, Cardiff) 


Lipaemic sera are occasionally encoimtered which 
give a turbid or opalescent solution when treated 
with sodium hydroxide and copper sulphate m the 
biuret protem estimation Such turbidities may 
greatly morease the readings obtamed with a photo- 
electric absorptiometer, and results may be up to 
3 g /lOO mb too high In Kmgsley’s (1942) method, 
shaking with ether is used to ehmmate turbidities 
An alternative procedure, which we have apphed m 
a shght modification of Fme’s (1936) method, is to 
treat the reaction mixture with potassium cyamde , 
this discharges the colour (presumably by for min g 
the complex ion Cu(CN)(J^) without apparently 
afiectmg the turbidity, which can then be measured 
A reading is first taken on the photoelectric m- 


strument usmg the appropriate green filter A large 
knife pomt of sohd potassium cyamde (about 
0 16 g for 6 6 ml of test solution) is then added 
with mixmg and a final reading is made when the 
maximum discharge of colour has taken place and 
the colorimeter readmg is constant (usually after 
4—6 mm ) The difference between the first and final 
readmgs is used for obtammg the protem content of 
the specimen Of the Hilger Spekker set of colour 
filters, the green (no 6) and neutral grey are both 
smtable for the turbidity readmg 

This method is not apphoable to turbidities that 
develop m the test solution on long standmg, e g 
after several hours, for such turbidities may be 
appreciably decreased by cyamde 
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The Estimation of Serum and Plasma Pro terns. By J W limYSER {Wdsh National School of 
Medtcine, Eoyal Infirmary, Cardiff) 


Copper sulphate specific gravity method Com- 
parison with the imcro-K3eldahl method show's that 
the copper sulphate specific graiuty method of 
Philhps, Van Slyke, Dole, Emerson, Hamilton & 
Archibald (1945) gives clmically rehable results m 
the absence of marked change m the non-piotem 
constituents From over 100 persons, most of them 
hospital patients m w'hom there vras no eindence of 
uraemia, 132 specimens of non-hpaemic serum or 
heparmized plasma were exammed Results by both 
methods differed by not more than 0 4 g /lOO ml m 
all but two cases, by not more than 0 3 g m 84 % , 
and by not more than 0 2 g m 50 % 

Biuret method In the biuret method, consider- 
able variations m mtensity of colour development 
mav occur if a given technique is nob closely fol- 
lowed Good colour development and consistency 
of results were found by the following modification 
of Fme’s (1935) method Tlie protem precipitated 
from 0 2 ml of plasma or serum is dissolved m 2 ml 
of 3 ToK-XaOH 1 ml of 6 % w/v CUSO4 6H;0 is 
added and mixed with the HaOH solution for 30 sec 
(e g by revolrmg the tube between the liands), care 
bemg taken to avoid frothmg The mixture is 


allow ed to stand for a further minute, then diluted 
to 10 ml A bung is inserted and the contents of 
the tube mixed for 1 mm , the precipitate finally 
bemg spun down Occasional turbidities may be 
allowed for by the method of Keyser & Vaughn 
(1949) 

Micro-Kjeldahl method In the micro-Kjeldahl 
method accurate results can be obtamed wuth 
0 1-0 2 ml of plasma by usmg a straightforward 
distillation apparatus consistmg of a 100 ml , 
Kjeldahl flask, splash head and double-jacketed 
condenser, instead of the more elaborate steam- 
distiUation apparatus usually recommended The 
ammoma is most convemently and accurately deter- 
mmed by collection m bone acid followed by direct 
titration with mmeral acid (Wmkler, 1913) 6 ml 
of a 2 % solution of boric acid is ample for coUectmg 
the a mm onia formed by digestion of 0 2 ml of 
pl^ma A smtable mdicator is the B D H ‘ 4 6 ’ or 
Tashiro’s methyl red-methylene blue mixture 

‘Albumin ’ Kingsley’s (1940) Na^SO^-ether tech- 
mque was compared wuth Howe’s (1921) method 
usmg 22 specimens from 19 pathological and normal 
cases Results agreed to withm 0 26 g /1 00 ml 
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A Metabolic Product of Aspergillus ustus (Baimer) Thom & Church By C E Stigkxngs 
{Department of Biochemistry, London School of Hygiene and Tropical Medicine) 


The metabohsm solution of a stram of Aspergillus 
ustus, grown on Rauhn-Thom medium, gives an 
mtense brownish purple colour with feme chloride 
Df three other strains mvestigated, two give .s imil ar, 
but less mtense, colorations, while the tlurd gives 
a much browner and less mtense colour 
The material responsible for the purple colour 
reaction IS extracted from the acidified metabolism 
solution by ethyl acetate After evaporation, the 
r^idue is treated with ether, and a fair quantity 
<* insoluble material is filtered The filtrate is 
a'aporated, and the residual gum treated with 
methanohe potassium acetate, when a crystalhne 
potassium salt separates The free acid obtamed 
m the salt crystallizes from ethyl acetate-benzene 
m wlourless prisms, m p 167°, with decomposition, 
yjeld, about 0 o g /I of metabohsm solution 


Analysis suggests the formula CjiHi^Oy, with one 
methoxyl group 

Cold neutral copper sulphate converts CjiHuOy m 
high yield mto an oxidation product C^HijOg The 
chemical properties of CuHi^Oj and CjiHuOa closely 
resemble those of the compounds CtoH.oOs and 

C40H10O, 

(I, i? = — CH(OH) COCHj and — C{OH)jCOCH3 

respectively) isolated as metabohe products of 
Penunllium brem-compactum Dierckx (Oxford & 
Raistnck, 1933) 

CuHjjOg IS oxidized smoothly by alkalme HgOj to 
a compound CjHgO,, acetic acid also bemg produced 
m the reaction Methylation of CgHgO, gives 3 4 6- 
trimethoxy-phthahc acid, identified by comparison 
with synthetic matenal It is also identical with the 
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fully methylated phthahc acid obtamed by ethanobo 
alkalme hydrolysis of O dimethyl citromycetm 
methyl ester, and subsequent methylation CgHgOy 
IS therefore a methoxy-dibydroxy-phthahc acid of 
the same orientation 

The oxidation product CuH^Og, •which behaves 
m many ways as CjjHioO, , HjO, can be decarboxy- 
lated, and then oxidized by alkalme HjOa to a com- 
pound CgHgOg , "wlnch has been methylated to 
2 3 5 trimethoxybenzoic acid, and ethylated to 
2 methoxy 3 6 diethoxy-benzoic acid, identified by 
comparison with synthetic specimens prepared by 
the Elbs persulphate oxidation of a-resorcyhc acid 
and subsequent alkylation 

CgHgOg IS therefore 2-methoxy 3 5-diliydroxj'^ 
benzoic acid (IH), and is thus shoum to 

be II 

The side-cham, — C3H5O2, should probablj'- be 
formulated as the ene diol, — C(OH)=C(OH) CH3, 
though other formulae (eg — UlH(OH) CO CH3, 
— CO CHOH CH3) are possible Oxidation by 
neutral cupric sulphate would be expected to give 
the diketone — CO CO CH3 , further oxidation with 
alkalme HjOj yieldmg a carboxylic acid and acetic 


acid, as observed Further experiments are m pro- 
gress to ascertam the exact nature of this side- 
oham 

Tlie formula TV (i?= — C(OH)=C(OH)CH3, 
— CH(OH) CO CH3 or —CO CH(OH) CHj) is 
therefore proposed for the mould metabolic product 

^1iHi207 
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The Iron Requirement of Rumen Bacteria By Mary L MoNattght and E C Owen {Hannah Dairy 
Research Institute, KirUiiU, Ayr) 


Die "Widespread moidence of deficiency of the metals 
Cu and Co m the pastures on which sheep and 
certam cattle habitually subsist, together ■with the 
fact that only rummants are kno-wn to be affected 
by such deficiencies, has led to the hypothesis that 
certam metals may be required not so much by the 
rummant itself as by the micro-organisms which it 
harbours in its gut Tosic & Mitchell (1948), after 
ha'wmg sho'wn that dietary Co is concentrated m the 
. bacteria m the rumen, suggested that perhaps these 
bacteria rendered Co imavailable to the host and so 
mcreased the host’s apparent requirement of that 
metal The relative importance of these hypotheses 
can be decided only by further knowledge 

Before this recent work on Co was published a 
series of mvestigations was bemg earned out by the 
present authors on the requirements of these micro- 
organisms for various metals, by artificially creatmg 
deficiencies m rumen hquid in vitro by means of 
orgamc compounds which chelate with metals, a 


technique winch is now much m use (Albert, Rubbo, 
Goldacre & Balfour, 1947, Hickey, 1945, Zentmyer, 
1944) 

The reagents for non, aa'-dipyndyl and 0 phen- 
anthrolme at 0 001 M concentration were among the 
chelatmg agents winch were found to mliibit the 
growth in vitro of rumen bacteria The inhibition 
was reversed by addition of an amount of FeSO^ 
just sufficient to form the chelate complex The 
minimum concentration of o-phenantliroline re- 
quired to suppress bacterial growth, as mdicated by 
protem synthesis, was about 0 00005 m Tlieoretically 
tins amount should mactivate 0 93 p p m of iron 
The amount of iron m rumen hqmd was found by 
analysis to be of this order By completely m- 
hibitmg protem synthesis ■with o phenantlirohne 
and then addmg various amounts of non it was 
estimated that about 1 0 p p m of iron is essential 
for bacterial growth > 
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Biochemical Experiments witli Radioactive 2 3-Dimercaptopropanol (BAL) By S D Simpson 
and L YotrNG * {Department of BwcJiemistuj, Untvctsity of Toronto) 


In 1911-6, dimng the course of ft senes of investi- 
gations vluch were earned out in tins laboratory on 
the antidotal action of thiols (Yoimg, 1946), 2 3- 
dimercaptopropanol (BAL) containing radioactive 
sulphur (®^S) was sjmtliesized and used to study the 
fate of BAL in the rat Results m genei al agreement 
mth those obtained in tins work mth radioactive 
BAL hai e been reported by Peters, Spray, Stocken, 
Colhe, Grace & YTieatley (1947) 

Radioactive BAL v as obtauicd bj*- allowng 2 3 
dibromopropanol to react m methanol with sodium 
hydrosulphide which had been prepared from 
hydrogen sulplude contaimng The radiO' 

aatwe>BAL was feemthemavtien. mixture 

and purified by fractional distillation at low pres- 
sure The product weighed 0 663 g , and this repre- 
sented a yield of 46% based on the amount of 
dihahde used The pnnty' of the product was 97 3 % 
by iodine titration 

The absorption, distribution and excretion of 
were studied followmg the admrmstration of radio- 
active BAL to rats by apphcation to the skm or 
by intramuscular mjection YTien radioactive BAL 

* Present address Department of Biochemistry, St 
Thomas’s Hospital Medical School, London, S E 1 


was applied to the skm it was absorbed slowly, and 
ui the 6 lir period followmg its apphcation the 
average rate of absorption w^as 0 38 mg BAL/sq cm 
skm/hi YTien radioactive BAL (20 mg dissolved 
m 0 30 ml of propylene gtycol) was mjected mto the 
muscles of a limd leg, it passed qmte rapidly from 
tlie site of mjection and only 2 % of the adminis- 
teied as BAL was present m the dosed muscles 6 lir 
after the mjection Six lir after the admmistration 
of radioactive BAL by apphcation to the skm or by 
mtramuscular mjection, ^'’S was found distributed 
tlnoughout the organism The concentrations of 
m the ludnej' and m the small mtestme and its 
confeenta were aomewliat lugh.ee than thiiae m other 
tissues, and this ivas probably related to the passage 
of radioactive material mto the urme and bde 
Exammation of the urme showed that a large pro- 
portion of the winch passed from the site of 
admmistration of the radioactive BAL was excreted 
m the urme, eg 72 % of the absorbed from the 
skm durmg a 6 hr absorption period and 81 % of 
the “®S given by mtramuscular mjection were 
excreted m the urme m the 24 hr period which 
followed the administration of the radioactive BAL 
Almost all the m the urme was present m the 
neutral sulphur fraction 
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Distributiou of Nitrogenous Constituents in the Urine of Rats with Jensen Sarcoma By 
S J Bach {School of Biochemistry, University of Cambridge) and G A Maw* {Department of Bio- 
chemrstry. University GoUege, London) 


The object of this study was to mvestigate the effect 
of one type of mahgnancy on the mtrogen meta- 
bolism of the tumour-beanng animal, as reflected 
la changes m the output of mtrogenous end-pro- 
ducts m the urme 

The 24 hr excretions of a number of the mtro- 
genous constituents of the urme of groups of rats 
vere exatnmed immediately after moculation with 
ensen sarcoma tissue and followed durmg the 
^wth of the resultant tumours for periods up to 

dajfs The urmary total-N excretion of the sarco- 
luatous rats was found m every case to be decreased 
le ative to that of control animals This mtrogen 
retention was more marked m the ease of rats with 
®ge and rapidly growmg tumours, bemg due, pre- 

Yresent address Department of Biochemistry, St 
■iJiomas’s Hospital Medical School, London, S E 1 


sumably, to satisfaction of the mtrogenous needs 
of the tumour itself The urea-N and ammoma-N 
outputs of tumour-beanng rats, expressed as per- 
centages of the total-N excretion, were almost 
identical with the correspondmg data for control 
rats The excretion of creatinme-N appeared to bear 
no consistent relation to the presence of a tumour 
on the rat or to the rate of growth of such a tumour 
The periodic fluctuations m output were, however, 
much greater than m the control ammals On the 
other hand, the excretion of creatme-N was found 
to be generally mcreased over that of the controls, 
the mcrease becoming more marked with the de- 
velopment of the tumour This is m agreement ivith 
the results of Ordway & Moms (1913), who deter- 
mmed the output of several mtrogenous constituents 
m the urme of three rats with slow growmg Jensen 
sarcomas 
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This augmented creatmuria could be due to an 
mcreased synthesis m these animals or to a depletion 
of the creatine content of the tissues The latter is 
considered at least a partial explanation smce deter- 
mmations of total carcass creatme-N m the sarco- 
matous rats mdicated extensive losses due to a 
marked decrease m muscle creatme Over periods 
of up to 3 weeks the carcass and muscle creatme-N 
values had dropped to about 50% of the corre- 


spondmg values of the controls The total N content 
of carcass and muscle showed a decrease of only 
20 % so that the loss m creatme-N cannot be con 
sidered to reflect simply the general destruction of 
muscle tissue It seems possible that tins effect may 
be partly caused by a disturbance of the phos 
phorylatmg mechanisms m muscle under these 
conditions, with an mcreased creatmuria as one 
consequent symptom 
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/i-Aminosallcylic Acid Estimated as /w-AimnophenoI By A L TAbnoey and V Anne L Bbews 
{Group Laboratory, Mile Enid Hospital, London, El) 


Newhouse & Klyne (1949) have recently described 
a method for estimatmgp ammosahcyhc acid (PAS) 
m body flmds, usmg Bratton & Marshall’s method 
for sulphonamides In the present method PAS is 
decarboxylated, and a Bratton & Marshall tech- 
mque is apphed to the m aminophenol (MAP) thus 
formed 

0 2 ml blood m 3 2 ml water is allowed to stand 
for 30 mm 0 6 ml 20 % tnchloroacetic acid is 
added, and the mixture is centnfuged 2 0 ml 
supernatant hqmd m a 16 ml graduated centrifuge 
tube are heated for 1 hr at lOO® with 0 5 ml 
21 6 n-B[; 2 S 04 After coohng, addmg 1 0 ml 8 1n- 
NaOH, and coohng agam, the volume is adjusted 
to 4 0 ml with water 0 2 ml 1 0 % NaNOj is then 
added with shakmg, after 6 min 1 0 ml 5 0% 
ammomum sulphamate is added, followed, 20 sec 
later, by 1 0 ml 0 1 % naphthylethylene diamme 
dihydrochlonde (The short sulphamate time of 
20 sec has recently been adopted from Newhouse & 
Klyne ’s method, it mcreases colour mtensity b 5 ^ 
c 20 % ) The colour reaches its maximum mtensity 
m 2J hr and is stable for 90 hr Read agamst a 


water-naphthylethylene diamme bleink, m an E E L 
Portable Colorimeter usmg an Dford ‘404’ green 
filter, the colours appear proportional at concen- 
trations from 2 6 to 20 mg PAS/100 ml 

A stock standard of 100 mg PAS/100 ml strength 
IS prepared by dissolvmg 137 9 mg sodium p- 
ammosahcylate dihydrate or 71 24 mg m ammo 
phenol (with the addition of 1 ml N-HCl) m 100 ml 
water Dilute standards representmg 6, 10 and 
20 mg PAS/100 ml blood are prepared to contam 
0 26, 0 60 and 1 0 ml stock standard respectively, 
with 16 ml 20% tnchloroacetic acid, m 100 iM 
aqueous solution These solutions are treated as the 
supernatant hqmds, usmg MAP standards, heating 
may be omitted 

Milder forms of hydrolysis have faded to effect 
complete decarboxylation Experiments with stan- 
dard solutions of PAS and MAP have furnished 
evidence that m our conditions decarboxylation 
does m fact take place and is complete They also 
support the theory on which this method was 
based, namely, that SIAP is more readdy diazotized 
than IS PAS 
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DEMONSTRATION 

A Simple Shaking Device for Conway Units and Similar Appliances By W M Dam {Cknstie 
Hospital and HoU Radium Institute, Manchester) 

It vas foiind useful to employ a device for tlie impulse from its restmg position, returns to it 
simultaneous shaking of a number of Comvay Umts, by three-dimensional wobblmg movements w c 
either by band or geared motor persist for a considerable time and impart a 




The apparatus consists of two gleiss plates (J m 
tluck) each mounted with three hoUow-ground 
shdes which, when comcidmg, form three shallow 
cups to contam three steel ball-bearmgs of m 
diameter The upper plate, when moved by an 


very smtable mismg movement to Conway dishes 
placed on the upper plate withm a wooden frame 
For contmuous shakmg a geared-down motor 
provides an occasional impulse to the protrudmg 
rod 


/ 




FORTHCOMING PAPERS 


It IS hoped to publish the following papers m the nei.t issue of the BwcJiemtcal Journal 

Globuhn complexes with oestrogenic acids By W Hausmaitn and A E WiLnBB Smith 
Seed glohuhns of the Grammeae and Legummosae By C E Danielsson 
Carotenoids of loquat japontcfl Lindl ) By J C Sad an a 

Improved separation of sugars on the paper partition 'Chromatogram By M, A Jermyn and F A Isherwood 
Zmc uptake by Neurospora By Iema Andebsson-Kotto and G Ch He%hsy 

Accumulation of glutamic acid m isolated bram tissue By J B Stebn, L V Eggleston, E Hems and H A 
I'Iebbs 

Displacement chromatography on synthetic ion excTiange resins 1 Separation of organic bases and ammo acids 
using cation exchange resms By S M Pabtridge and R G Westall 

Purification of alkahne phosphatase By M A M Abttl-Fadl, E J King, J RocitE and Nguyen- van Thoai 

Purification of faecal alkalme phosphatase By M A M Abul-Fadl and E J ICing 

Purification of alkalme phosphatase by tryptic digestion By M A M Abul-Fadl and E J King 

Reactivation of alkalme phosphatases after dialysis By M A M Abul-Fadl and E J ICing 

The action of tyrosmase on monophenols By L P ICendal 

Polysaccharides synthesized by aerobic mesophilic spore-forming bactena Bj' W G C Forsyth and D M 
Webley 

The pathway of the adaptive fermentation of galactose by yeast By J F Wilkinson 
Studies on the lens By M Langham and H Davson “ 

Breakdoivn of cozymase by a system from nervous tissue By H MoIlwain and R Rodnight 

The oxidation of catechol and homocatechol by tjTosmase m the presence of ammo acids By H Jackson and 
L P Kendal 

^ Glucuromdase as an mdex of growth m the uterus and other organs By Lynda M H Kerb, J G Campbell 
and G A Lewy 

Concentration of hpids m the bram of infants and adults By A C Johnson, A R MoNabb and R J Rossiter 

Effects of amidmes on oxidases of EscJiertchta colt and of ammal tissues By J J Gordon and Enid Sowden 

The quantitative determination of barbiturates m tissues by ultraviolet absorption spectrophotometry By G V R 
Born 

Nicotmamide biosynthesis by mtestmal bactena as influenced by methyltryptophans By P Ellingeb and M M 
Abdel Kader 

The Imkage of glutamic acid m protem molecules By F Haurowitz and F Bursa 


[The Editois of the Biochemical Journal accept no responsibility fot the Reports of the Pi oceedings 
of the Society Abstracts of papers read ai e published as received fi om the author ] 
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The Annual General Meeting of the Biochemical Society was held in the Department of Biochemistry , 
University College, Gower Street, London, W O I, on Friday, 26 March 1949, when the following papers 
were read 

COMilUNICATIONS 


The Effects of Thyroxuie and Thio-uracil'-on the Secretion of the Phosphorus Compounds 
Normally Present in Millc Chanda and E C Owen [The Hannah Dairy Research Institute, 

KirkhiU, Ayr) 


Cows treated with thyroxine show an increase of total 
phosphorus in the milk without any change m cal- 
cium (Owen, 1948) Houston, Kon & Thompson 
(1940) found that yitamin pyrophosphate m milk 
vanes mversely with phosphatase The experiments 
desonbed m this abstract were designed to find 
out what compounds of phosphorus are chiefly re- 
sponsible for the mcrease of phosphorus m the milk 
of cows treated with thyroxme and also to find out 
whether thio-uracd can effect the composition of the 
milk m the opposite way to thyroxme Some cows 
were mjected with 10 mg thyroxme per day, wMe 
others received 20 mg thio -uracil per day, the m- 
jections lastmg 3 weeks Untreated cows served as 
controls Milk samples were collected every 2 days, 
for 3 weeks pnor to treatment (penod 1), during 
treatment (penod 2), and for 3 weeks subsequent to 
treatment (penod 3) The partition of phosphorus 
and the content of phosphatase "were determmed m 
these samples The average results of one such ex- 
periment are shown m the table 
From the table it can be concluded that the chief 


contribution to the mcrease of phosphorus is made 
by esters of phosphoric acid, though a notable con- 
tribution IS also made by lipoid-P (see period 2 m 
the table) Ester-P and hpoid-P steadily mcreased 
durmg the 3 weeks of mjection of thyroxme, while 
phosphatase steadily dechned, so that its average m 
penod 2 was much less than it had been m penod 1 
When thyroxme was discontmued ester-P and 
hpoid-P rapidly dechned while phosphatase rapidly 
mcreased All these effects took place m the reverse 
order m cows treated with thio-uracil (see table), 
while none of them was observable m untreated 
oows In all cows, mcludmg the controls, there were 
highly significant mverse correlations between phos- 
phatase and ester-P, amountmg m treated cows 
to mverse proportionahty Lipoid-P was mversely 
correlated with phosphatase dunng penods 2 and 3 
only The correlations between phosphatase and 
hpoid-P m the control cows and m penod 1 m aU the 
cows were not significant The bearmg of these 
results on mammary secretion will be discussed when 
the work is pubhshed m full 


Partition of phosphorus [mg jlW g mill) 


Animal 

Penod 

Total P 

Inorganic P 

Ester P 

lapoid-P 

Casern P 

Phospha- 

tase 

hmky (control) 

1 

86 66 

65 37 

7 68 

62 

17 40 

112 


2 

86 00 

66 67 

7 34 

62 

16 30 

121 


3 

90 66 

60 41 

6 81 

67 

17 60 

129 

Dorothy (thyroxme) 

1 

82 41 

46 46 

8 41 

93 

1810 

129 


2 

92 93 

47 84 

16 28 

112 

19 20 

43 

Gadfly (thyroxme) 

3 

84 69 

47 28 

9 73 

97 

18 30 

120 

1 

88 25 

67 08 

8 66 

76 

16 61 

148 


2 

94 51 

6419 

13 84 

97 

17 IS 

64 

Mom (thio uracil) 

3 

91 84 

68 96 

886 

86 

15 42 

126 

1 

94 40 

69 60 

8 97 

83 

17 81 

129 


2 

86 13 

67 74 

6 16 

69 

16 61 

213 

Ibxie (thio uracil) 

3 

93 05 

62 64 

618 

84 

16 38 

166 

1 

98 74 

80 97 

9 90 

92 

18 60 

138 


2 

91 96 

61 28 

6 03 

7 1 

18 20 

209 


3 

98 40 

6511 

6 96 

9 1 

17 00 

170 
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Glucuronlde Synthesis and Cell Proliferation By M C Kjlbtxnatbatnam, Lynda M H Kerb and 
G A Levty {Department of Biochemtstry, TJmvermty of Edinburgh) 


In view of the relationship found to exist between 
the state of proliferation and the ^ glucuronidase 
activity of mouse hver, kidney and uterus (Lewy, 
Kerr & Campbell, 1948, Kerr, Campbell & Lewy, 
1949), the possibihty that the ability of mouse hver 
and other tissues to synthesize glucuronides may 
also vary with the degree of cell diinsion m progress 
was mvestigated by the method of Lewy & Storey 
(1949) 

Unhke jS glucuromdase acti\nty, the abihty to 
synthesize glucuromdes seemed to be confined 
largely to hver Kidney, the only other tissue found 
to carry out the synthesis, was much less active than 
hver This is m agreement with the results of 
Lipschitz & Buedmg (1939) 

Durmg the period of enlianced glucuromdase 
activity m hver which follows partial hepatectomy 
or admmistration of carbon tetraclilonde or men 
thol, the abihty to synthesize glucuromdes remamed 


normal It was also unchanged during the profound 
depression of glucuromdase activity which follows 
sorbic acid administration Tumours with high 
glucuromdase activity were devoid of synthetic 
power, as were hvers from mice 2-3 days old It 
seems clear that, unhke )3 glucuromdase, the enzyme 
system causmg glucuromde sjmthesis does not vary 
m activity with the state of proliferation of a tissue, 
and that the two enzyme systems are qmte distmct 
(see Lewy, 1948, Karunairatnam & Leviy, 1949) 
The synthetic power of mouse hver remamed very 
small for the first week after birth It then rose 
slowly till at the fourth week the activity had 
reached the average value for normal adults The 
jS glucuromdase activity of hver m the first week 
after birth was six times the value found m adults 
It then fell steadily to become constant when the 
mice were 4 weeks old 
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The Carbamino Combination of COa with Reduced Haemoglobin and Oxyhaemoglobin By 

P J W Roeghton (Department of CoUotd Science, University of Oamhndge) 


Wyman (1948) hasrecentlysuggestedthat carbammo 
combmation of COj with haemoglobm only occurs 
with — ^NHg groups of pK >80 He thence deduces 
the approximate equation 


1937) In all three papers, Z, pCOj and total COg 
were deterrmned directly, but only m (c) was the pH 
measured directly (glass electrode) In this case 
calculations show (both for OgHL and RedHb) that 


2=J!riKgpCOg/[H+]*, (1) 

where ^ = [carbammo COj]/[Og capacity of Hb] 
K-i , Kg are the respective eqmhbmim constants of 
HbNHg + H+ ^ HbNH+ 
and HbNHCOO~ + H+ Vi HbNHg + CO 2 

Equation (1) can be tested by the data on (a) ox Hb 
(Ferguson & Roughton, 1934), (6) human Hb 
(Ferguson, 1936), (c) horse Hb (Stadie & O’Brien, 

(a)* 

RedHb 
11 ( 1 ) 

0 94 (3) 

1 06 (3) 

1 00 (4) 

1 14 (2) 

Mean of aU deter 1 03 
minations 


pH=: 6 17 +log {[total COg] — [carbammo CO*] 

— [dissolved COg]}/[dissolved COg] (2) 

In (a) and (b) the pH can reasonably be calculated 
from (2) 

I give below calculations of x 10^^ for aU the 

rehable data cited m (a), (b) and (c) Figures m 
brackets denote the number of experiments on each 
sample of Hb 

(c) 

, 

O.Hb 
0 67 (6) 


51 


OgHb 

RedHb 

OgHb 

RedHb 

0 40 (1) 

1 33 (4) 

0 44 (2) 

0 97 (4) 

0 48 (3) 

11 (4) 

0 74 (4) 


0 64 (3) 

10 (1) 

0 40 (1) 


0 49 (2) 

1 81 (1) 

1 26 (1) 


0 64 (2) 

1 68 (3) 

0 69 (3) 


0 60 

1 33 

0 66 



* Most of the (a) results were plotted graphically, but reference to the ongmal notes gave aU the data required for the 
calculations 
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Both the (a) and tlie (6) data show the same 
average ratio of for RedHb to for OjHb, 

le 2 0, the (b) data are, however, much more 
scattered, perhaps because carbammo estimations 
are technically less satisfactory m human than m ox 
Hb TJnfortimatelj% only one Hb sample was used 
m (c) 

The present results fad to sustam W 5 Tnan’s mews 
that (i) the — ^NH, groups with which COo combmes 


are unaffected by oxygenation of the Hh molecule, 
(u) the extra carbamate m RedHb over that found 
m OjHb IS entirely due to the pH being more alkahne 
m the former case, (m) carbammo compoimds play 
much less part m blood transport of CO 2 than 
currently supposed Wyman’s views, which were 
largely based on more hmited and less direct calcu- 
lations than those here given, are open to other 
criticisms, which it is hoped to develop elsewhere 
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Metal Catalysis of Indole Production from Trjrptophan By J W Battpir, E A Dawes and 
F C Happoij) 


Seeking to elucidate the mechanism of the pro- 
duction of mdole from tryptophan by the trypto- 
phanase system of Each coh, a reaction umque m 
enzyme chemistry masmuch as fission of a C 3 — C ^ 
bond occurs, we have mvestigated related morgamc 
catalyses of tryptophan decomposition 


cobalt, iron, manganese, mckel, chro mium , tm and 
cenum, but of these only cobalt showed any catal 5 rtio 
effect, the magmtude of which is approximately of 
the same order as that of copper, and which is 
detectable down to concentrations of 6 x The 

mechanism, of the metal-catalyzed reaction is not 


fc 


r-CH,- 


(Cu++-^Cu+) 




P CE* -f H (H+ + e 




NH 
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H 
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CH 
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(Dotted arrows denote smgle electron transfers ) 


Herzfeld (1913) obtamed a 60% yield of mdole 
from tryptophan m the presence of CUSO 4 and 9 % 
(w/v) NaOH We have verified bis results and ex- 
tended mvestigations to other metals The rate of 
mdole production was followed by determinations on 
successive 10 ml fi’actions of distillate or on fiiactions 
of distdlate collected over 16 rmn jieriods Shght 
mdole formation was found to occur m the presence 
of NaOH only, due to trace metals present m the 
glassware, but greatly mcreasedproduction occurred 
on addition of CuSO^ 

Other metals were also mvestigated, mcluding 


identical with that of the enzyrmc reaction, smce 
other mdole derivatives such as mdolyl- 3 -glycme 
and )3-mdolyl-3-ethylamme (which do not give mdole 
with tryptophanase) are degraded to mdole by the 
alkahne copper and cobalt reagents Analogy with 
the catalytic effects of these metals m other chermcal 
reactions suggests that a smgle-electron transfer 
mechanism, of the general type given above, 
might be apphcable to the reaction, although 
the presence of free radicals could not be detected 
by the use of methyl methacrylate monomer or 
‘lummol’ 
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Suggested Mechanism for the Enzymic Breakdown of Tryptophan to Indole By J W Baker, 
E A Dawes and F C Hapfold 


Subsequent investigations have confirmed the earher 
conclusions of Baker & Happold (1940) and Baker, 
Happold & Walker (1946) that, in the en 2 yinic 
formation of mdole from tryptophan, the tliree- 
carbon side-cham is e limin ated mtact (see also 
Tatum & Bonner, 1944, Dawes, Dawson & HAppold, 
1947, Wood, Gunsalus & Dmbreit, 1947), and that 
mdole formation must occur by the rediic/we-fission 
of the bond to give ^CH+^CH The 


phan by mechanisms mvolvmg smgle electron trans- 
fers Moreover, Waters (1946) has quoted evidence 
that free radicals may be generated m metal-free 
biological systems Accordmgly, a tentative elabora 
tion of Baker & Happold’s onginal mechanism for 
the enzymic fission, based on enzyme-produced free 
radical (0 ) uutiation, and with the coenzyme, 
pyridoxal phosphate, actmg as the hydrogen 
acceptor, is formulated below 




V Fusion 



Propagation 


only known mechanism for such rupture is via an 
mitial homolytic fission to give free radicals 
+ C^, stabilized by resonance Although the 
mechanism of the metal-catalyzed fission of trypto- 
phan to mdole (previous abstract) must differ some- 
what from the enzyrmc fission, it provides strong 
evidence that mdole can be produced from trypto- 


The large resonance stabfiization of the radical (HI) 
would lower the energy necessary for the homolytic 
fission of the Cg — Oyjbond 

Free radical dehydrogenation at or a-NHg m the 
side cham would yield a-immo-/ 9 - 3 -mdolylpropionio 
acid, the precursor of mdole-pyruvic acid fission, 
observed with the purified enzyme system 



NH U nh 

PC — OH 
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Serum Flocculation Tests at pH 7 55 

The thjrmol buffer used by Maclagan is stated by 
huh to have a pH of 7 8 (Maclagan, 1944) He also 
stresses the importance of lomc strength American 
observers have claimed that the reaction is more 
sensitive at pH 7 65 (Mateer, Baltz, Commanduras, 
Steele & Brouwer, 1947) It has been pomted out, 
however, that they apparently had an undue pro- 
portion of negative results (Maclagan, 1947) 

Thymol buffers at pH 7 8 and 7 56 have been com- 
pared, the pH was determmed by the bicolour 
technique (Hastmgs & Sendroy, 1924) The lomc 
strength m each case approximated fairly closely to 
that of Maclagan’s buffer That of pH 7 66 had the 


By A L Latnbr and G B Pbndlenton 

composition 1 618 g of barbitone and 0 927 g of 
sodium barbitone per 600 ml saturated thymol 
solution Both buffers were prepared accordmg to 
Maclagan’s techmque 

At pH 7 66 the reaction was more sensitive and 
gave fewer false positives than at pH 7 8 It also 
proved superior to Maclagan’s buffer which by the 
bicolour techmque was found to have a pH of 7 66 
Similar results were obtamed with the colloidal 
gold reagent For this to have a pH of 7 66 the buffer 
composition IS 0 6072 g barbitone, 0 3708 g sodium 
barbitone and 0 2 g phenol m 100 ml distdldd 
water 
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Gozymase Degradation and the Control of Carbohydrate MetaboUsm in Brain By H McIlwain 
(Research Laboratory, Maadsley Hospital, London, S E 6) 


In animals, breathmg air, physiological experiments 
show that the bram converts to lactic acid about 
16 % of the glucose which it utihzes (Gibbs, Lennox, 
Nuns & Gibbs, 1942) This proportion mcreases 
considerably m hypooxia and m certam other con- 
ditions In bram tissue shoes, similarly, glycolysis is 
partly suppressed m aiT (the Pasteur effect) This 
suppression, which is of considerable importance m , 
cellular economy, has now been found to be dis- 
turbed by agents which inhibit the breakdown of 
cozymase 

(1) The Pasteur effect m bram is known to be 
mlubited by low concentrations (c 10 “®m:) of certam 
dyestuffs, notably phenosaframne, ethyl red and 
pmacyanol (Dickens, 1936) and by mcotme (Baker, 
Pazekas & Hmiwich, 1938) These compounds have 
now been found to inhibit also the breakdown of 
cozjmiase by washed, ground bram tissue Pheno- 
safranme was exammed m detail and the breakdown 
(see jMcHwam & Rodmght, 1948) found to be m- 
ubited 60 % at a concentration of c 3 x 10 “®m (In 


comparmg this concentration with the 10 -®m quoted 
above, it must be noted that the dyestuff is concen- 
trated by the tissue to a large extent ) In contrast to 
this inhibition by phenosaframne, some 30 other 
compounds with pyndme, pipendme, phenazme 
and thiazme nuclei had much smaller effects, if any, 
on the cozymase breakdown, some of these sub- 
stances are known also to have no action on the 
Pasteur effect (Dickens, 1936, Dickens & McHwam 
1938) 

(2) Among pyndme derivatives certam corre- 
lations have been found between structure and m- 
hibition of cozymase breakdown, and 6(4)-3'-pyn- 
dylglyoxahne is a fairly potent inhibitor of the 
reaction (80 % inhibition at 8 x 10 -*m, mcotmamide 
gives this effect at c 8 x IO-^m) The pyndylgly- 
oxahne, also, at 3 x IO-^m, releases aerobic glycolysis 
by bram shces, mcotmamide has a very much less 
effect 

(3) The pyndylglyoxahne (like mcotmarmde, but 
at lower concentrations) mamtams the anaerobic 
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glycolysis of brain at levels from which it would 
otherwise faU 

(4) Nicotmamide and the pyndylglyoxahne have 
no effect on respiration of bram shces m concen- 
trations at which they release or mamtam aerobic or 
anaerobic glycolysis 

(6) The enzyme degradmg cozymase, m ground 
bram preparations and m solution after extraction 
and some purification, also mactivates coenzyme n 
with hberation of mcotmamide, but with a velocity 
a httle lower than that of its reaction with cozymase 
When both coenzymes i and n are present, com- 


petition for the enzyme takes place between the 
two 

(6) Dfiiydrocoenzymes i and n are acted on by 
the enzyme (attached to cell debris or m solution), 
if at all, with velocities less than 0 5 % of those with 
which their oxidized forms are attacked 

In conjunction with Judah & Williams-Ashman’s 
(1949) observations, it would appear that the 
enz 3 me degradmg cozymase functions m oxidative 
phosphorylations and its inhibition leaves more 
morganic phosphate and cozymase available for 
glycol 3 ^is, than would otherwise be the case 
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The Properties of p-Glucuromdase. By G ' 
UmversUy of Glasgow) 

It was recently shown (MiUs, 1948) that aqueous 
extracts of ox spleen when exammed by the Variable 
Solvent Solubihty Test (Falconer & Taylor, 1946), 
usmg ammomum sulphate as precipitant and l- 
mentliyl-^ n glucuromde as assay material, showed 
the presence of two j9-glucuromdases These two 
enzjmes were distmguished by havmg different pH 
optima 

This work when repeated usmg phenolphthalem- 
j3 D glucuromde as assay material showed the same 
results When phenyl-^-n glucuromde was used as 
substrate, however, it was found that m addition to 
the two enzymes with pH optima at 4'6 and 6 2, the 
variable solvent solubihty test showed the presence 
of a third ^-glucuromdase havmg a pH optimum 
around 3 4m acetate buffer This third enzyme does 
not hydrolyze L-menthyl and phenolphthalem-jS-n- 
glucuromdes, and is inhibited m citrate buffer 

Citrate also shows some inhibiting action on the 
enzyme with pH optimum at 4 6, but exerts httle if 


Mills and J Paul {Btoclietmstry Department, 

any action on the enzyme with optimum at pH 6 2 
It IS sigmficant to note m tins connexion that Lewy 
and Ins co-workers (Kerr, Graham & Levi'y, 1948, 
Lewy, Kerr & Campbell, 1948, Karunairatnam & 
Lewy, 1948) have used phenyl-^ n-glucuromde m 
citrate buffer for the assay of their glucuromdase 
preparations 

In addition to citrate, a number of di-carboxyhc 
acids and poly-hydroxy-mono- and di-carboxyhc 
acids act as inhibitors for this senes of enzymes, 
some bemg much more powerful than citrate, the 
most powerful so far found bemg n-saccharate, m 
confirmation of Karunairatnam & Lewy ( 1948) Its 
inhibitory action is, however, more powerful than 
these workers suggest 

Other organs have been exammed, namely, hver, 
kidney, uterus, thymus and blood plasma In aU 
cases there appear to be more than one p glucurom- 
dase present Some data concerning the glucurom- 
dases m these tissues is presented 


REFERENCES 


Falconer, J S iSL. Taylor, D B (1946) Btochem J 40, 835 
Karunairatnam, M C & Lewy, G A (1948) Btochem J 
43, In 

Kerr, L H M., Graham, A F A Lewy, G A (1948) 
Btochem J 42, 191 


Lewy, G A , Kerr, L H M & CampbeU, J G (1948) 
Btochem J 42, 462 
Mills, G T (1948) Btochem J 43, 125 


PROCEEDINGS OF THE BIOCHEMICAL SOCIETY 


XXXV 


of Radioactive Strontium in the Rabbit. By Mabgabet Tuorr and Janet Vaughan 
{Department of Pharmacology, University of Oxford) 


Metabolism 

(introduced by H Biasohxo) 

Tlie experiments desonbed form part of an mvesti- 
gation of the metabobsm of radioactive strontium 
m normal rabbits The animals were on a diet gixnng 
an average mtake of calcium, namely, 3-6 gr m a 
9 day penod 

The radioactive material was a mixture of Sr®® and 
Sr*® as strontium chlonde It was given mtra- 
itnouBly m normal saline, both with and without 
added stable strontium chloride 
The unne and faeces were collected separately, 
and the amount of strontium m them estimated from 
{he tune of mjection until the animal was killed, on 
the nmth day The strontium remainmg m the body 
iras then estimated 

The faeces were ashed m a muffle furnace, and the 
strontiummthedry ashmeasuredwithaGM no 2 
counter The urme and bones, and samples of organs, 
skm and flesh, were measured m solution usmg stn 
M R C type 1 hquid counter 
The strontium was retamed almost exclusively m 
the skeleton, less than I % being recovered from the 
rest of the carcass The total retention varied with 
the age of the rabbit, bemg about 55 % m 6-week-old 
rabbits, 20% m 6-month-old rabbits and 10% m 
older anunals 


The total excretion varied from 40 % m 6 -week- 
old to 70-80% m 6 -month and older rabbits Tlie 
urmary excretion was greater than the faecal excre- 
tion except m the case of one 7 -year-old rabbit The 
excretion reached a maximum durmg the first 24 hr , 
and attamed a constant low level by the fourth day 

A considerable proportion of the radioactive 
strontium mjected mto sucklmg mothers 1 week after 
dehvery was transferred through the milk to the 
suckhngs, and the percentage retamed by the 
mothers was lower than that retamed by non- 
suckhng animals of the same age An average of 
20% was recovered from the fitters of 6-month 
suckhng mothers, who themselves retamed only 10% 
of the mjected dose 

On the other hand, only 1-3% was recovered 
from the foetuses of pregnant mothers who were 
mjected 9 days before the expected date of dehvery 
and kflled on that day The percentage retamed by 
the pregnant mothers was not appreciably lower than 
the average figure for the same age group 

Work has also begun on two further groups of 
rabbits, one of which is receiving a calcium-deficient 
diet, and the other a higher than normal calcium 
allowance 


Colorimetric Determination of Picric Acid in 

Inshtut, Umversitdt Innsbruck, Austria) 


lathe colorimetric determmation of blood sugar 
by Benedict (1918) small quantities of glucose are 
brought into reaction viath an excess of picnc acid 
(reduction of picnc acid to picramic acid) Under 
uiverted proportions of the concentration (small 
quantities of picnc acid and excess of glucose) a 
colorunetnc method for the determination of picnc 
acid has been worked out, which m consequence 
allows the determination of the molecular weight of 
the equivalent weight of orgamc basic substances m 
pvcrates 


Under the altered conditions the reduction of 
picnc acid can possibly lead over the picramic acid 
^ far as to the formation of diammomtrophenol 
nor the determination of picno acid therefore two 
empirical curves with picnc acid solutions of known 
concentration have been worked out m the presence 
e 30 mg of glucose under certam conditions usmg 
®o utions of 20 % sodium carbonate or 1 % sodium 
■cdroxide (height of the standard 20 mm ) 


b 5—2 5 


nig picnc acid proved to be the most con- 


venient concentration. 


Plcrates By R Stohe {Medizinisch-chemisches 

Procedure Quantities of picrates, corresponding 
to 0 6-2 6 mg picnc acid, are dissolved m a 12 6 ml 
marked test-tube m 1 ml of 20 % anhydrous sodium 
carbonate or 1 % sodium hydroxide Tlien 6 ml of 
0 600 % glucose solution (equal to 30 mg glucose) 
and water are added to make it a total volume of 
11 ml After this the solution 18 heated m a boihng 
water bath for 10 mm , cooled and filled up to the 
mark of 12 6 ml Readmg is made m the colorimeter 
agamst a standard solution prepared m tlie followmg 
way 6 ml of 0 600 % glucose solution (equal to 
30 mg glucose), 6 ml of water and 1 ml of 20% 
sodium carbonate or 1 ml of 1 % sodium hydroxide 
are heated m a 12 6 ml marked test tube m a boilmg 
water bath for 10 mm After coohng 1 ml of 0 100 % 
picramic acid (Egerer, 1918) is added and filled with 
water up to the mark of 12 6 ml A Klett colomneter 
has been used, height of the standard 20 mm 

Tlie method enables the determination of themole- 
cular weight of orgamc basic substances m picrates of 
known constitution, whereas m picrates of unknown 
constitution the equivalent weight can be determmed' 


®®nedict, St R 
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Autoxidation of the Fatty Acids III By G W Elms {St Mary's Hospital Medical School, London, 
W 2) 


It has been possible in recent work on the oxygen 
uptake of mon ene fatty acids to effect the autoxi- 
dation at httle above body temperatures The pro 
ducts obtamed are very different firom those of 
higher temperature processes, and they may present 
some biochenucal significance 

The dispersmg medium sand, as used formerly, 
has been replaced by fiuted strips of filter paper, 
either folded mto a drum and placed m the autoxi- 
dizmg chamber to be heated externally, or made to 
hne the inside of the chamber and heated mtemally 
by means of an electric lamp The chamber contains 
alkah to keep the mcommg oxygen free from the 
large volumes of carbon dioxide evolved during the 
process The r Q of these autoxidationa is about 0 2, 
rismg to about 0 4 and then representmg with the 
water given off some 60 % of the oxygen uptake 
The coloured oils and resins, the scission products 
suberic, azelaic, octoic and nonoic acids, together 
with the monoacyl derivatives of the epoxy-acid, 
wfil have disappeared or been greatly reduced m 
yields, as a result of the lower temperatures em- 
ployed In their place may be as much as 40 % of 
a mixture of the 8- and 11-keto-acids These active 
olefine ketone acids appear to be the imtial products 
of autoxidation, and they are imdoubtedly the sub- 
stances which m the higher temperature autoxida 
tions give rise to most of the coloured oily products 
Tliese olefine ketones have been demonstrated as 
peroxide-formmg The type of structure thereby 
formed is postulated as that of a 6 membered hetero- 
cychc rmg Its ready formation at room tem- 
peratures 18 regarded as due to the conjugated 
system arismg as a result of the carbonyl formation 
and to the break of the double bond of this group 
0 0 0 0 
CHCH C +0,.= OH CEO 


The unstable peroxide, or ozomde, formed is regarded 
as readily yieldmg two active atoms of oxygen The 
recovery of the olefine ketone may be brought about 
by the end of the fatty acid cham actmg as oxygen 
acceptor, and by the tendency for recovery of the 
double bond of the origmal carbonyl group This 
latter rearrangement would replace the ongmal 
ethenoid bond and detach the oxygen-carbon 
linkage Other peroxide structures suggested from 
time to time and the hydroperoxide found by 
Cnegee, Pilz & Flygare (1939), by Farmer & Sundra- 
hngam (1942) and by Farmer & Sutton (1943) m the 
same relative positions to the ethenoid bond of 
different mon-enes, present some difileulty m ex- 
plainmg their function as reversible oxidative 
catalysts 

The olefine ketone acids are regarded as the imtial 
autoxidation products, formed slowly by gaseous 
oxygen durmg the mduction period or more residily 
as a result of catalysis The subsequent rapid stage 
of autoxidation must be regarded as due to the 
peroxide formation suggested The peroxidation 
products mclude elaidic acid epoxide, as found m 
appreciable amoimts from both elaidio and oleic 
acids (Elhs, 1936), the scission products mentioned 
above , and the )5-ketomc acids with cham degrada- 
tion products, moludmg the carbon dioxide and 
water observed Evidence for the formation of these 
products has been obtamed In connexion with 
problems m biochemical oxidations, it is of mterest 
to observe that the form of peroxide postulated, 
ha^^ng, as it would appear, two available oxygen 
atoms, would not allow of formation of an mter- 
mediate jS-hydroxy-acid accompanymg the process 
of ^-oxidation 
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Synthesis of Fatty Acids and Cholesterol in the Rabbit Foetus Studied vsdth the Aid of Deuterium 

Bj G PopjAk and Mabte-Louise Bbeokmans {National Institute for Medical Research, London) 


In a prenous mvestigation (PopjAk, 1947) it was 
found that all foetal tissues are able to synthesize 
phosphohpms and that the rate of synthesis m the 
foetus is greater than m the mother Results 
obtamed m cholesterol-fed rabbits (Popjdk, 1946), 
m which the placenta was partially blocked by 


accumulated cholesterol, strongly suggested that 
both cholesterol and fatty acids also are synthesized 
m the foetus and are not derived from the mother 
by placental transmission The present mvestigation, 
earned out with the aid of deutenum, proves this 
thesis, although the results do not exclude the 
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possibility that some fat passes through the plaeenta 
from mother to foetus 

Pregnant rabbits were given DjO by mjection and 
m dnnlung water, so as to mamtam the concen- 
tration of DjO m the body water at about 1 6 % for 
1-12 days On the 28th day of pregnancy the anim als 
were anaesthetized and their foetuses removed from 
the uterus Foetal blood was drawn from the 
umbihcal vem and maternal from the aorta The 
deutenum contents of cholesterol and fatty acids, 
denved from phosphohpids and from neutral fats 
and extracted from maternal and foetal tissues, were 
detemuned In all experiments the fatty acids and 
cholesterol from the foetuses were richer m the 
isotope than tlie maternal compounds, mdicatmg 


a higher rate of synthesis m the foetal than m the 
maternal tissues, e g maternal hver The foetal hver 
is especially active m the synthesis of cholesterol, 
the extra-hepatic foetal tissues (presumably the 
developmg adipose tissue), on the other hand, are 
more active than foetal hver m the production of 
fatty acids While the rate of renewal of both fatty 
acids and of cholesterol is shghtly faster m the foetal 
placenta than m the maternal hver, it is slower 
than m the foetus, this excludes the possibihty that 
the foetal fats, rich m isotope, were transferred from 
the placenta 

The results further show that the rate of regenera- 
tion of cholesterol m the hver is much faster than 
that of fatty acids 


REFERENCES 

Popjdt, G (1946) J Phyatd 105, 236 Popjik, G (1947) Nature, Lond , 160, 841 


The Utilization of Acetate by the Foetus for Patty Acid and Cholesterol Synthesis 
and Mabtk-Louisb Beeokmans {National Institute for Medical Research, London) 


By G PopjLk 


It IS known from the work of Bloch & Rittenberg 
(1942) that acetate, or an active derivative of it, is 
utilized for both cholesterol and fatty acid synthesis 
(see also Bloch, 1947) We have mjected mtra- 
venously pregnant rabbits, which have also received 
beavj' water, with CHg^^COONa and have measured 
the radioactivity of the foetal smd maternal fatty 
acids and cholesterol The total mjected dose vras 
60 pc of , m one experiment this was mcorporated 
m 1 8 g of CB^COONa, m others m 4 3 mg of the 
anhydrous salt Three mjeotions were given daily 
for 1-4 days 

The results obtamed with labelhng confirmed 
those obtamed with the aid of deutenum (see pre- 
ceding commumcation) and showed the utilization 
of acetate (or at least of the carboxyl-C of acetate) 
for cholesterol and fatty acid synthesis m the foetus 
Also it was possible to compare the radioactivity of 
maternal and foetal plasma cholesterols with the 
radioactivity of cholesterol obtamed from tissues, 
the activities m mcreasmg order were maternal 
plasma < maternal hver < foetal placenta < foetal 
'^^'rcass < foetal plasma < foetal hver The results 


strongly suggest that the primary site of plasma 
cholesterol synthesis, both in the mother and m 
the foetus, is the hver, although m the mother 
cholesterol with the highest content (approachmg 
that of foetal hver cholesterol)" was found m the 
mtestme 

The neutral fat fatty acids of the mammary gland 
of the mother are synthesized at a very rapid rate 
The deutenum content of these fatty acids mdicated 
that they are synthesized at about the same rate as 
the foetal carcass neutral fats, but them content 
mdicated a much higher rate of acetate utilization 
for fatty acid synthesis m the mammary gland than 
m the foetus or anywhere else This observation is 
m excellent agreement with FoUey & French’s (1948) 
postulate of acetate utilization for fatty acid syn- 
thesis m the mammary gland of rummants It is 
noteworthy that both the D and contents of phos- 
phohpm fatty acids extracted from the mammary 
gland were much less than those of neutral fat fatty 
acids, whereas m other organs usually the reverse 
IS true 
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The Action of Suramin on Proteolytic Enzymes. By B W Town and A Wobmau, 


The mode of action of suranun, a drug which has 
feeble trypanocidal action in vitro but which is very 
effective in vivo, is not known Suramm readily 
combmes with various proteins (Boursnell & 
WormaU, 1939, Dewey & WormaU, 1946), and there 
IS also evidence that it can inhibit certam enzymes 
Smce it is possible that the m vivo trypanocidal 
action of the drug may be partly or wholly due to 
mterference with enzyme systems inside the trypano- 
some, we have been studymg the in vitro action of 
suramm on a variety of enzymes as a prelude to 
mvestigations with trypanosomes 


The suramm concentrations used are withm the 
range of the plasma suramm level mamtamed for 
some time followmg the mtravenous mjection of a 
‘normal’ dose of the drug, for example, the mtra- 
venouB mjection mto rabbits of 28 mg of suramm/kg 
body wt (eqmvalent to 1 4 g /60 kg or 2 0 g /70 kg 
man) is followed by the mamtenance, on the average, 
of a plasma suramm level of above m/2000 for 4 mm , 
above m/3000 for 25 mm , above m/5000 for 80 mm , 
and above m/10,000 for 7 hr (B^ilson & WormaU, 
1949) Beihnsolm (1929) noted the mhibitory effect 
of suramm on trypsm, but the concentrations he 



The hydrolysis of casern by trypsm is strongly in- 
hibited by smaU amoimts of suramm Thus m/ 2000- 
Buramm gives 20% inlubition of the digestion of 
casern by ‘ trypsm ’ (Harrmgton Bros Ltd ) at pH 8 9 
and 30° (Table 1) Even stronger inhibition was 
noted with Liquor Trypsm Co (Allen and Hanburj’'s 
Ltd ), andM/10,000 suramm effected 56 % mlubition 
of the digestion of 0 36 % casern solutions Variation 
of the concentration of substrate with fixed concen- 
trations of suramm and enzyme showed that, under 
these conditions, maximum mlubition occurred with 
lowest substrate concentrations (Table 2) 


Table 1 Effect of suramin on the digestion of 
casein by trypsin at pH 8 9 and 30° 


Enzyme 

Suranun 

Substrate 

cone 

Inhibition 

preparation 

cone 

(%) 

(%) 

‘Trypsm’ 

m/960 

3 66 

30 


m/1920 

3 66 

20 

‘ Liq Trypsm Co ’ 

m/10,000 

0 36 

66 


used, m/67-m/ 143, are very considerably greater than 
any reached m the blood even after sei^ral mjections 
of the drug 


Table 2 Inhibition of trypsin by suramin with 
varying concentrations of substrate 

(‘Liq Trypsm Co ’ actmg on casern at pH 7 and 30°, 
m/2000 suranun m aU mixtures ) 


Casern cone 
(g /lOOml) 


3 66 
1 82 
0 91 
0 36 


Inhibition 


(%) 


38 

46 

63 

83 


The mlubition of tryqitic action may be due to 
combmation of suramm with the enzyme or the 
substrate or both, but it is of mterest to note that the 
drug does not mlubit pepsm at pH 1—2 The possible 
significance of these results and their bearmg on the 
action of suramm on tiypanosomes, were briefly 
discussed 
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The Action of Suramin on some Non-proteolytic Enzymes By E D Wills and A Wobmall 


Suramin strongly mlnbits the action of soya bean 
urease at pH 6 0, marked inhibition bemg exerted 
by concentrations of suratnm as low as m/I 6,000 
(Table 1) At pH 7 0, however, no inhibition occurs 
even with ji/lOOO suranun, this latter observation 
confirms that of Quastel (1831) Our results suggest 
that the drug only inhibits urease on the acid side 
of the isoelectnc point of the enzyme (about pH 5 1 ) 
The inhibition appears to be competitive, and it is 
reversible, thus the enzyme ‘mactivated’ by sura- 
mm at pH 6 0 regains its full activity when the 
reaction is brought to pH 6 6 


Table 1 Effect of suramin on urease 


(Manometno method, 2 3 x 10~*M urea, 37° ) 



Cone of 

Inhibition 

pH 

suramm 

(%) 

60 

m/3000 

90 


M/6000 

65 


m/16,000 

25 

63 

m/1000 

Nil 


Trypanosomes rapidly metabolize glucose, and 
they appear to require carbohydrate for their 
survival We have, therefore, made a special study 
of the action of suramm on the enzyme systems 
responsible for the metabohsm of glucose It is of 
interest to note that Marshall (1948) has recently 
found that trivalent arsemcals and straight-cham 
dianudmes appear to inhibit certam enzyme systems 
of Trypanosoma evansi 


Fermentation and respiration by the mtact yeast 
cells are not affected by suramm, almost certainly 
liccause the drug cannot penetrate the cell wall 
Fermentation of glucose by yeast juice at pH 6 0 or 
1 0 IB, however, completely inhibited by concen- 
trations of suramm as low as m/30,000 or sometimes 
■'1/50,000 , the autofermentation of glycogen by yeast 
juice IS also inhibited, but not qmte so strongly Of 
the indindual yeast enzymes so far studied, hexo- 
*'^^6 (at pH 6 0 or 7 0) IS the most sensitive to 
suranun, but yeast decarboxylase is also quite 
sensitive (at pH 6 0) (Table 2) 


Table 2 


Effect of suramin on some enzymes of yeast 


Enzyme 

Hcxokmase 


^rbojyJaee 



Suramm 

Inhibition 

pH 

cone 

(%) 

6 0-7 0 

m/20,000 

80-90 


m/30,000 

76 

60 

m/6000 

68 


m/10,000 

25 


Suramm mhibits fumarase (Quastel, 1931) and 
hyaluromdase (Beder & Martm, 1948) We have 
found that the following enzymes are also sensitive 
to the drug at pH 7 4 sucemic dehydrogenase (96 % 
inhibited by m/1000, and 76% by M/4000-suramm) 
and chohne dehydrogenase (40 % inhibited by 
m/6000 suramm) Amongst the enzymes not signifi- 
cantly inhibited by suramm at about theu optimum 
pH’s are cytochrome oxidase (pH 7 4), cholm- 
esterase (pH 7 6), tyrosmase (pH 6 O), argmase 
(pH 8 9) and r> ammo -acid oxidase (pH 7 4) Some 
of these last-named enzymes may, however, be m- 
hibited on the acid side of their isoelectnc pomt, for 
whereas catalase is not inhibited at pH 6 6 it is 90 % 
inhibited by m/3000 -suramm at pH 6 0 The specifi- 
city of these inhibitions is shown by the fact that 
when tests were made on the same rat-hver pre- 
paration, cholme dehydrogenase was strongly m- 
hibited (at pH 7 4), whereas n-ammo acid oxidase 
(pH 7 4) and argmase (pH 8 9) were unaffected by 
suramm 

These enzyme inhibitions appear to be of two 
types those at pH 7 or 7 6 (hexokmase, etc ), and the 
more general ones which occur only at more acid 
reactions Smce hexokmase and some other en- 
zymes are strongly inhibited under physiological 
conditions and with suramm concentrations well 
withm those found m the plasma after ‘normal’ 
mjections of the drug, the possibihty that the 
trypanocidal action of suramm is due partly or 
wholly to disturbances of the carbohydrate meta- 
bolism m the trypanosome cannot be excluded Tins 
possibihty 18 bemg mvestigated with hvmg trypano- 
somes 

Spinks (1948) studied the retention of several 
suramm analogues and found that ‘marked persist- 
ence IS a property of polyamides of high molecular 
weight that contam naphthyleunmepolysulphomc 
acids as end groups’ By the courtesy of I C I 
(through Dr A Spinks) we have had an opportumty 
of testing the enzyme inhibitory capacity of some 
of these analogues We find that those suramm 
analogues which persist m the body for a long tune 
after tbeu mjection also inhibit urease It seem^ 
hkely that the retention and the capacity to inhibit 
urease are due to mteraction of the sulphomc groups 
of suramm and basic groups m the tissue proteins 
and enzyme respectively The spatial arrangement of 
these sulphomc acid groups m the suramm molecule 
is, however, also of importance, for simple aromatic 
sulphomc acids do not appreciably inhibit urease 
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Some Inhibitors of Aerobic Phosphorylation By J D Judas and H G Williams-Ashmajt 
(Department of Morbid Anatomy, Vniveraity GoUege Hospital Medical School and Department of 
Biochemistry, University College, Oower Street, WO 1) 


The mfluence of a niunber of compounds on the 
couphng between oxidation and phosphorylation m 
mammahan kidney extracts has been studied The 
system used contamed the cyclophorase preparation 
of Green, Loomis & Auerbach (1948) , glutamate was 
added as substrate, with the addition of magnesium 
ions, adenyhc acid, fluoride, diphosphopyndme 
nucleotide, fructose, yeast hexokmase and morgamc 
orthophosphate, the pH bemg buffered at 7 4 All 
experiments were earned out at 26° C and were of 
short duration (6—10 mm ), under these conditions 
P/0 ratios of the order of 2 were consistently 
obtamed 

The observation of Loomis & Lipmann (1948) 
that low concentrations of 2 4-dmitrophenol effected 
a marked decrease m the rate of morgamc phosphate 
uptake without significantly affectmg the oxygen 
uptake, was confirmed When added to a final con- 
centration of 10“^ M, this substance mbibited the 
phosphate uptake c 90 % Somewhat higher con- 
centrations (c 2 X 10 ~^m) of either 2 amino 4-mtro- 
phenol or 2-mtro-4 aminophenol were devoid of 
si gnifi cant influence on the respiration and the 
uptake of morgamc phosphate, as were thyroxme 
(10 ~*m), thyroglobuhn (4 0 mg /ml ) and lO'^M 4-4'- 
dichloro diphenyl-trichlorethane (DDT) 

Marked inhibition (60-90%) of the uptake of 
morgamc phosphate, the respiration being either 


un in fluenced or shghtly stimulated, was observed 
m the presence of low concentrations (c 2 x 10 ~®m:) 
of phenosaframne, tluonme and janus green and 
somewhat higher concentrations (c 2 x 10 “^m) of 
picramio acid and 2 4 dimtro-l-naphthol-7-sul- 
phomc acid At a concentration of 4 x 10~®m, 
diethyl red, methylene blue and brilhant cresyl blue 
inhibited the P/0 ratio 20, 38 and 40 % respectively 
Guanidine, methylguamdme and dimethylguamdme 
(10 ~®m) were without significant influence on the 
P/0 ratio 

At concentrations at which they inhibited the 
P/0 ratio, all the inhibitors listed above were without 
mfluence on the activity of yeast hexokmase at 
26° C 

Dimtrophenols (Dodds & Greville, 1934) and 
phenosaframne (Dickens, 1936) are known to be 
powerful inhibitors of the Pasteur effect m a number 
of I tissues, but thionme, at concentrations com- 
parable to those used m our experiments, has been 
reported to be without influence on the aerobic 
glycolysis of kidney (Dickens, 1934) Our experi- 
ments thus appear to cast some doubt on the sug- 
gestion of Johnson (1941) that a lowermg of m 
orgamc phosphate concentration due to aerobic 
phosphorylation is responsible for the aerobic m 
Inbition of glycolysis 
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Possible Inhi bitors of Muscle Phosphorylase By P N Caaupbelu (Department of Biochemistry, 
University College, London, WO 1) £ind N H Ckeasey (Department of Chemical Pathology, King's 
College Hospital, Denmark Hill, London, S B 5) 


Con, Con & Green (1943) have shown that glucose 
competitively inhibits the conversion of glucose-l- 
phosphate to polysacchande with a crystaUme 
muscle phosphorylase preparation Con & Con 
(1940) premously showed that polysacchande 
synthesis from glucose -1 -phosphate with a cat hver 
phosphorylase preparation was also inhibited by 
glucose, but that mannose, galactose, maltose and 
fructose had no significant inhibitory effect We have 
shown that these latter sugars also fail to inhibit 
polysacchande sjmthesis from glucose- 1 -phosphate 
with the crystalhne muscle phosphorylase pre- 


paration of Green & Con (1943) In addition, we 
have shown that the foUowmg substances also fad 
to inhibit the reaction with such an emsyme pre 
paration under the conditions of our experiments 
3-methylglucose,D -xylose, 1 2-monoacetone glucose, 
diacetone glucose, glucomc acid, ascorbic acid, 
sorbitol and mositol The concentration of the test 
substance m the reaction mixture was 0 06ii, except 
m the case of diacetone glucose when it was 0 02sr 
Con & Con (1940), from observations withfreshl}'’ 
prepared glucose solutions, suggested that while a- 
glucose inhibited polysacchande synthesis from 
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glucose 1 phosphate mth their cat liver phosphory- 
lase preparation ^-glucose had httle or no mlnbitory 
effect We have been able to confirm that an a, jS 
specificity does exist m that solutions of a-metbyl- 
glucoside significantly mlubit polysacchande 8501- 
thesis from glucose- 1 -phosphate vnth a crystalhne 
muscle phosphorylase preparation, whereas solutions 
of ^ methylglucoside of a comparable strength show 
no significant inhibitory efiect 
Smce the reducmg power of the reaction mixture 


did not mcrease durmg the course of the reaction, it 
was concluded that imder these conditions the a- 
methylglucoside was not hydrolyzed to glucose 
Although it IS difficult to demonstrate that the 
inhibition by a-methylglucoside is competitive it 
would seem probable that this is so These experi- 
ments suggest that the stereochermcal configuration 
of the H atom on of the substrate is of importance 
for the synthesis of a polysaccharide with muscle 
phosphorylase 


REFERENCES 

Con, 6 T (L Con, C F (1940) J bwl Chem 136, 733 Green, A A & Con, G T (1943) J h\ol Chan 161, 

Con, C F , Con, G T & Green, A A (1943) J hiol Chem 21 
161, 39 


The Influence of Bicarbonate upon Glucuromde Synthesis By IDE Stohey {Department of 
Biochemistry, University of Edinburgh) 


In the course of a study of glucuromde synthesis by 
mouse hver shces, usmg the method of Lewy & 
Storey (1949), it has been observed that synthesis is 
considerably greater m Krebs bicarbonate Rmger 
than m phosphate Rmger (Table 1) 

Table 1 Comparison of glucuromde synthesis in 
bicarbonate and phosphate Ringer 

Mg o-aminophenol conjugated/g 
dry wt hver/hr 

^ - A 

Eip no 1 2 3 4 6 

Thosphato Bmger 0 22 0 16 0 13 0 34 0 03 

niearbonate Rmger 0 06 0 67 0 66 0 63 0 13 

This effect was further mvestigated by addmg 
small amounts of bicarbonate to phosphate Rmger 
pissed with pure oxygen (Warren, 1944), but with 
no provision for absorbmg carbon dioxide A typical 
^^t IS shown m Table 2 The concentration of 
icarbonate m the phosphate Rmger is purely 
nominal, smce COj is lost to the gas phase durmg 
the incubation period 


Table 2 The influence of bicarbonate upon 
glucuromde synthesis 


Gas 

Medium phase 

Phosphate Rmger Og 

Phosphate Rmger Og 

Phosphate Rmger Og 

Bicarbonate Rmger Og-6% 
CO, 


mg 0 ammO' 
phenol con- 
jugated/g 

Bicarbonate diy wt 

mM/1 hver/hr 

— 0 22 

1 6 0 31 

6 0 0 37 

24 0 0 46 


It is suggested that the simplest mterpretation of 
these results is that fixation of carbon dioxide is 
mvolved m glucuromde synthesis The observation 
that synthesis m phosphate Rmger without added 
bicarbonate was not decreased when COg was 
absorbed by KOH is not necessarily contradictory 
to this suggestion, smce it is known that enzyme 
systems concerned m fixation of carbon dioxide 
have a high affkuty for that substance (cf Laser, 
1942) 
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Iso- electric Precipitation Procedures for Purification of the Pituitary Diabetogenic Factor 

By E Beid (Carnegie Besearch Fellow) (Department of Biochemistry, University College, London, 
WO \) 


In a previous communication (Beid & Young, 1948), 
it was reported that diabetogemc activity was 
present m the precipitate obtamed from alkahne 
sahne (0 9 % NaCl) extracts of ox anterior pitmtary 
tissue, by dialysis followed by adjustment of the 
pH to c 6 5 The optimum pH is, m general, 6 7 , if 
the pH 6 7 supernatant solution is adjusted to 
pH 6 4, the diabetogemc potency (cf Beid, 1949) of 
the pH 6 4 precipitate is usually lower, m terms of 
protem, than that of the pH 6 7 precipitate Some 
extracts, however, yield only a smaU. precipitate at 
pH 6 7, and it is necessary to adjust the pH to 6 6, or 
even 6 5, to obtam a satisfactorj'^ yield of the diabeto- 
gemc factor An attempt has been made to correlate 
precipitation behaviour with factors such as (1) age 
of cattle &om winch the glands were derived, 

(2) volume of alkah added durmg extraction, and 

(3) period of storage of extract prior to fractionation , 
but the vanabihty has not been satisfactorily ex- 
plained 

Adjustment of sahne solutions of diabetogemc 
precipitates to pH 6 6, or even 6 7, results m some 
precipitation of the factor, although Young (1938) 
found that precipitation did not occur when crude 
alkahne sahne extracts were adjusted to pH 6 6 It 
IS thought that ‘mert’ proteins, present in crude 
extracts, may modify the solubility of the factor m 
sahne solution 

The followmg procedure is employed for the pre- 
paration of diabetogemc fractions ( 1 ) The extract is 
adjusted to pH 6 6, and the precipitate reprecipitated 
from sahne solution at pH 6 6 (2) The oombmed 

supernatant solutions are dialyzed at pH c 8 (3) Tlie 


solution 18 adjusted to pH 6 7 (or, if necessary, to 
pH 6 0 or 6 6), any precipitate obtamed at pH 7 4 
bemg discarded (4) A salme solution of the pre- 
cipitate, once reprecipitated from salt-free solution, 
IS adjusted to pH 6 0 to yield a diabetogenic ‘sahne 
supernatant ’ fraction, which is approximately four 
tunes as pure as the crude extract m terms of protem 
Typical fractions exammed m the Oxford ultra- 
centrifuge (by Mr B Cecil and Dr A G Ogston) and 
m the electrophoresis apparatus at the Boyal 
Institution (by Dr P J olmson and Mr B H Snuth) 
appeared to consist predo min antly of a smgle pro- 
tem Further purification was attempted by ethanol 
precipitation procedures (cf Wfihehm, Fishman & 
Bussell, 1948), but it appeared, from biological tests 
and from ultracentnfugal exammation) that ethanol 
did not selectively precipitate the diabetogenic 
factor 

Tests earned out m collaboration with Dr S J 
FoUey have mdicated that prolactm is not a major 
contarmuant of ‘ salme supernatant ’ fractions These 
fractions, m common with other pitmtary pre- 
parations (cf Cotes, Beid & Young, 1949), possess 
growth promotmg activity (assayed m mtaot female 
rats) m approximately constant proportion to the 
diabetogemc activity The tentative conclusion that 
the diabetogemc activity of these fractions could be 
attributed to growth hormone is supported by the 
ultracentnfuge data, the observed sedimentation 
constants bemg similar to those recently reported 
for pure growth hormone (Smith, Brown, Fishman & 
Wfilielmi, 1949) 
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The Influence of Insulin and Anterior Pituitary Factors on the Hexokinase Activity of Animal 
Tissue Extracts By B H Smith* (mtroduced by F G Young) (Department of Biochemistry, 
University College, London, W O 1) 


C F Con and his school (e g Con, 1946-6, Colowick, 
Con, G T & Slem, 1947) have recently directed 
attention to hexokmase as one possible locus of 
action of msuhn and factor(s) of the antenor hypo- 

* Present address Davy Paraday Eesearch Laboratory, 
21 Albemarle Street, London, W 1 


physis These authors have reported that, inter aha 
(a) The hexokmase activity of freshly prepared ex- 
tracts of muscle from alloxan-diabetio rats may be 
markedly elevated by the addition of msuhn to the 
test system in vitro (b) The hexokmase activity of 
extracts of bram or muscle from normal animals may 
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Be inhibited by the addition of certam anterior 
pituitary preparations in intro , this inhibition may 
be counteracted by the addition of insuhn to the 
Bystem tn vitro 

Studies have been made on the influence of insuhn 
on the hexokmase activity of freshly prepared 
extracts of skeletal muscle from alloxan-diabetio 
rats Assays of hexokmase activity were made 
exactly as descnbed by Coloxvick etal (1947), 02ml 
of adrenal cortical extract (‘Eucortone’, Allen and 
Hanhury) was added to each test system From a 
total of twelve rats made acutely diabetic by treat- 
ment with alloxan only one animal afforded a muscle 
extract that showed a pronounced elevation of 
hexolonase actmty upon the addition of insulin in 
vitro This finding is m marked contrast to that of 
Colowicket (1947), who reported that, from a total 
of thirty alloxan diabetic rats, fifteen afforded 
muscle extracts which, m the presence of adrenal 
cortical extract, showed elevations of hexokmase 
activity of from 24 to 79 % upon the addition of 
msulin to the test sjmtem A similar failure of insuhn 
to elevate the hexokmase activity of extracts of 
muscle from alloxan-diabetic rats was reported by 


xlm 

Broh-Kahn & Mirsky (1947), these authors, how- 
ever, did not carry out the assays m the presence of 
adrenal cortical extract Recently, Stadie & Hhn- 
gaard (1949) have also reported inter alia the failure 
to observe a significant effect of msuhn upon the 
hexokmase activity of alloxan-diabetic rat muscle 
extracts m the presence of adrenal cortical extract 
Confirmation of the second observation of the Con 
school has been reported by Broh-Kahn & Mirsky 
(1947) and by Reid, Smith & Young (1948) Never- 
theless, both groups of authors pomted out the wide 
divergence between the diabetogemc activity and / 
the inaiilin reversible hexokmase inhibitory activity 
of anterior pitmtary extracts This divergence has 
agam been emphasized by recent studies with highly 
purified diabetogemc fractions of ox-pitmtary ex- 
tract prepared, by Mr E Reid (Reid, 1949) A 
number of these preparations, which were highly 
diabetogemc m the mtact adult cat, have been tested 
for hexokmase mhibitmg activity foUowmg Colo- 
wick ei al (1947), m no instance has such a pre- 
paration been found to inhibit the activity of rat 
bnun hexokmase in intro m a manner reversible by 
msuhn 
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DEMONSTRATIONS 

Application of Paper Partition Chromatography to Metabolic Studies with Radioactive Iodine 
By J C Laidlaw (mtroduced by F G Young) {Department of Biochemistry, University College, 
London) ' 


Chromatography of Vitamin A and Derivatives on Alumma-treated Filter Paper By S P 
Batta and B G Ovebbll {Department of Biochemistry, University College, London) 


Mall amounts of vitamm A, its esters, anhydro- 
anun A, retmene and other chromogens may be 
tmguished by chromatography on fiJ^ter paper 
^pregnated with alumma Whatman no 64 filter 
Pa^rs are dipped m a solution of alumimum 
(hh g Al 2 (S 04)3 per 1 ), the excess flmd is 
to dram and the papers are dipped m 2 N- 
uoma and placed m running water for 6 hr The 
‘b’led at 90° C Tlie cliromatogram is run 
' Sht petroleum (80-100° C ) m an atmosphere 


of mtrogen, and rapidly sprayed with the Carr -Price 
reagent to develop the colour If the papers are 
rigorously standardized constant values are 
obtainable It is, however, convement to nm a 
marker of vitamm A ester, or of the dyes Sudan 
yellow and Sudem red with each run, from which 
a measure of the actmty of the paper is obtamed 
Amounts of vitamm A down to 1 fig (c 3 i u ) may 
be readily identified by this method 
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A further studj^ of hydrolysates of gramicidin By B L M Synge 
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Tho use of the tyrosme apodccarboxjdnso of Streptococcus faccahs R for tho estimation of codecarboxj lase By 
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A quantitative stud}' of complox formation m heated protem mixtures By A Ixleozkowski 

Nitrogenous excretion in Cheloman reptiles By VmEN Moyle 
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Haemoglobm and tho oxygen uptake of leguminous root nodules By J D Sjoth 

The inhibition of /9 glucuromdaso by sacohano acid and tho role of tho enzymo in glucuronido s}mthcsis By 
M C IVARUNAiRATNAM and G A Lbwy 

The metabolism of chrysene tho isolation of 3-methox}'ohryseno by methylation of tho phenoho metabolite of 
chrysene from rat faeces By I Berenblum and R Sohoentil 

Bde acid enterohths, mth an account of a recent case B} F S Fomxvilvtheb 

Tho Bence Jones protem of multiple myelomatosis its mothiomno content and its possible significance m relation 
to the aetiology of the disease By C E Dent and G A Rose 

Tho fate of certam orgamc acids and amides m tho rabbit 7 An amidaso of rabbit hver B} H G Bray, Sibil 
P James, Isabel M Raeian, Brenda E Ryman and W V Thorpe 

The enzymic hydrolysis of glutamine and its spontaneous decomposition m buffer solutions By H 6 Bray, 
Sybil P James, Isabel M Raffan and W V Thorpe 

The effect of various diets on tho metabolism of nicotimc acid and nicotmamidc m the rabbit B} P Ellinger and 
M. M Abdel Kader 

Regulation of urmary steroid excretion 1 Effects of dehydroisoandrostorone and of anterior pituitary extract 
on the pattern of dady excretion m man By M Reiss, R E Hemphill, J J Gordon and E R Cook 

The use of the Waring blender m biochemical work By Rosa Stern and L H Bird 

A mercury gasometer for the preparation of gas mixtures By E F ILvrtrbe and C H Harpley 
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Effect of Glucose on the Utilization of Acetate by Lactating Mammary Gland Slices By 
S ; J Folley and T H French (National Institute for Research in Dairying, University of Reading) 


Hitherto, the utilization of acetate for fat synthesis 
111 uiTo has been demonstrated only with tracers, 
Bince liver, believed to be most active in this respect, 
does not effect net synthesis outside the body How- 
01 or, lactatingmammary gland slices from rummants 
(com, goat) markedly utilize acetate with Ingli b q 

((KI2m acetate 
+01% glucose) - 
(0'1% glucose) 

A-Qo, 45 48 -02 

-71 -81 -3 7 

Abu -0-03 -0-08 0 26 

but not glucose On the other hand, shoes from non- 
ruimnants (rat, mouse, rabbit, gumea pig) winch 
readily metabolize glucose with lugh r q are almost 
inert towards acetate (Folley & French, 1948) The 
results ivith rummant shoes, now extended to sheep, 
^re interpreted as mdicatmg acetate utilization for 
milk fat sjTithesis 

Tho failure of non rummant mammary slices to 
utilize acetate in vitro is rather puzzlmg m view of 
fopjulv A. Beeckmons’ (1949) findmg that glyceride 
fatty acids isolated from the mammae of pregnant 
rabbits fed labelled acetate contamed a high con- 
centration of These results, and our subsequent 
findmg in collaboration with Dr G Popjak that 
tho 18 particularly concentrated m the lower 
('olatile) fatty acid fraction, clearly pomt to acetate 
ntilization for milk fat formation m the rabbit 
Followmg Bloch & Kramer’s (1948) demonstia- 
•on that pyruvate or glucose mcreases acetate m- 
eorporation mto fatty acids by hver shoes, we have 


studied the eff'ect of glucose on the utilization of 
acetate by lactatmg rabbit mammary gland shoes 
with resulta summarized below The methods were 
as previously used (FoUey & French, 1948) 

Addition of glucose mcreased and markedly 
raised the acetate uptake over the trivial values 


Mean 


48 

23 

41 

46 

36 

68 

-6 6 

-60 

-68 

-60 

0 26 

0 22 

-0 26 

-013 

0 03 


obtamed with acetate alone b q (always > 1) was 
mcreased m three experiments, hardly altered m 
two, and decreased m two The ratios of extra acetate 
to Oj were large enough virtually to exclude the 
possibihty that the former was merely oxidized, so 
acetate must have been mcorporated mto fatty acids 
as mdicated by the mamtenance of the r q above 
umty Glucose may act by providmg glycerol for 
glyceiide synthesis 

In four prehmmary experiments on rabbit mam- 
mary shoes and six on rat, we have found that these 
effects of glucose are further mcreased by msulm, the 
hormone givmg the foUowmg mean mcreases (rabbit) 
over control values — , 1 3 , , — 3 1 , R Q., 0 40 

Bloch & Ivramer reported an msulm effect with 
pyruvate but not glucose The apparent difference 
from our results is explamed by our findmg that 
o-creaol, present m our msulm preparation, mcreases 
glycolysis thus providmg lactate or pyruvate on 
winch msulm can act 


REFERENCES 


^Kramer, W (1948) J hoi Ghem 173,811 
® -f 4 French, T H (1948) Biochem J 43, Iv 


PopjAk, G A BeeokmanB, M 
xxxvu 


L (1949) 


Btockem J 44, 


<?stigatlons on Porphyrin Formation in Congenital Porphyria with the aid of By 
^ A Neuberqer (Department of Ghemtcal Pathology, King's College Hospital, London, 

F 5 and the National Institute for Medical Research, Hampstead, NWS) 

of glycme contammg 31 65 atom % porph^wm and stercobilm hydroclilonde were iso- 
(Q ^ as fed m 12 doses over 4 days to a patient lated and the abundance of ^®N deterramed with the 
frona congemtal porphjwia The mass spectrometer Haemm was also isolated The 
aa urinary coproporphyrm, the urmarj' uro- results are shown m Table 1 


d 


PEOCEEDINGS OE THE BIOCHEMICAL SOCIETY 


xlvi 

Table 1 Atom percentage excess formed %n the 
various porphyrin fractions and m stercohilin after 
feeding 12 g of glycine containing 31 66 atom 
% excess to a case of congenital porphyria 


atom % excess m 


Days 

f 

Urinary 

Paeoal 

Unnaiy 

Stercobihn 

of 

copro 

copro 

uro 

hydro 

exp 

porphynn 

porphynn 

porphyrm 

ohlonde 

1-4 

223 

107 

1 166 

1 169 

6-8 

1 1 

2 24 

146 

130 

9-12 

0 499 

0 78 

0 86 

136 

13-16 

— 

0 401 

— 

0 631 

17-20 

— 

0-243 

— 

0 303 

21-24 

— 

0177 

— 

0 220 

26-28 

— 

0 128 

— 

0160 


The high content of the excreted porphyrms 
indicates that the nitrogen of both uro- and copro- 
porphynn I hke that of protoporphyrin IX of haemin 
IS derived, probably exclusively, from glycme The 


content m urmary ixroporphyrm rises sooner than 
that of faecal coproporphynn but does not reach the 
same high values Most remarkable is the high ^®lsr 
content of stercobihn which mdicates that most of 
this pigment is derived by some pathway other than 
by breakdown of haemoglobm This holds for the 
normal person, m which glycme containmg is 
also mcorporated rapidly mto stercobihn, but the 
concentration of the isotope is then very much less 
than m the case of congemtal porphyria 

The patient was also given daily 2 g of sodium 
benzoate for the first 12 days of the experiment and 
the content of the excreted hippunc acid was 
estimated The results mdicate that the glycme used 
for hippuric acid synthesis has a lower isotope con 
tent than the precursor of the porphyrins It appears 
that the glycme required for the conjugation with 
benzoic acid is partly obtamed by hydrolysis of 
tissue protem or is synthesized from mtrogenous 
compounds with a low isotope content 


In VIVO Formation of Citrate By P Botta and R A Petees [Department of Biochemistry, University 
of Oxford) 


The Specificity of Pigeon- Brain ChoLtnesterase 

University of Oxford) 

FoUowmg Bodansky’s (1946) observation that bram 
and erythrocyte cholmesterase would hydrolj^ 
tnacetm, Adams & Whittaker (1948) (full report by 
Adams, 1949) mvestigated the specificity of purified 
human erythrocyte cholmesterase and found that it 
would hydrolyze a wide range of ahphatic esters The 
rate of hydrolysis was found to depend on (a) the size 
of the acyl group, acetate bemg optimal, and (6) the 
configuration of the alkyl group, 3 3 -dimethyl butyl 
acetate, the carbon analogue of acetyl-chohne bemg 
most rapidly spht and other alkyl esters bemg less 
rapidly spht the greater their deviation from this 
configuration 

It has been known for some years that there is a 
close similarity between the chohnesterases of bram 
and erythrocytes, and it was therefore of mterest to 
see whether the erythrocyte specificity pattern was 
also shown by tbe bram enzyme Pigeon bram was 
selected for this purpose as it has a high chohn- 
esterase activity per umt weight It has now been 
found that the specificity of the pigeon bram 
enzyme closely resembles that of the erythrocyte 
enzyme, except that the rates of hydrolysis of the 
ahphatic esters relative to acetyl-^-methyl chohne 
are one half to three quarters of the values obtamed 
with the erythrocyte enzyme (Fig 1) 

Pigeon bram, like human erythrocytes, contains 
a small quantity of ahesterase which it is necessary 


By V P Whiotakbb (Department of Biochemistry, 


3 3 diMebutyl 



Pig 1 Rate of hydrolysis of aliphatic substrates by pigeon 

bram cholmesterase (o o), and human erythrocyte 

cholmesterase (o o) 
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to remove when studying the ahphatic esterase 
actmty of the cholinesterase Tins has been achieved 
by differential centrifugmg and washing of the 
fraction precipitatmgbetween 4600 and 16,000r p m 
Inhibitor and summation experiments confirmed the 
homogeneity of the purified fi:action The degree of 


purification and the yield are not high and the 
enzyme appears to be adsorbed on to particles of 
very varying size It is only weakly adsorbed on to 
acid-washed kieselgulir at pH 6 6 Its physical pro- 
perties are thus somewhat different from those of the 
erythrocyte enzyme 
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The Effect of Stimulation on the Phosphate Esters of the Brain By D Riohteb and R IL C 
Dawson (Beit Memorial Fellow) {N europsychtatnc Research Centre, Whitchurch Hospital, Cardiff) 


The sequence of changes m the rat bram after stimu- 
lation was studied by determmmg the phosphate 
esters m brains taken at varymg times durmg and 
after electnoul stimulation In order to fix the 
changes m the tissue, the bram was rapidly fi'ozen in 
mtu -with liqiud air 

Electrical stimulation produced (a) a rapid fall m 
the phosphocreatme level, and (b) a correspondmg 
rapid but transient rise m the hexose phosphate 
fraction these changes were attributable to the 
phospliorylation of glucose Over 60 % of the total 
phosphocreatme of the bram was lost after 1 sec of 
electrical stimulation 

Tlie imtial changes were followed by (c) the return 
of the hexose phosphate fi’action to the normal level, 
accompanied by (d) the liberation of inorganic 
phosphate These changes were evident m brains 
fixed up to 10 sec after electrical stimulation they 
occurred before the onset of convulsions 


Brams fixed at 16-46 sec after electrical stimula- 
tion showed (c) a return of the phosphocreatme and 
(/) of the morgamc level to normal The rate of re- 
synthesiB of phosphocreatme under these conditions, 
as calculated from the slope of the curve, was 
1 26 mg /g fresh bram tissue per mm The adenosme 
triphosphate fraction showed only a shght fall after 
stimulation, with a return to normal after about 
25 sec The brams of rats taken durmg emotional 
excitement gave a mean phosphocreatme level 13 % 
higher than that of normal controls this mdicated 
that the resynthesis of phosphocreatme was favoured 
under these conditions 

The method of fractionation and estimation of the 
phosphate esters was based on that of Stone (1943), 
Stone, Webster & Gurdjian (1946) have previously 
described changes m the phosphate esters of the 
bram as a result of stimulation 
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The Influence of Dietary Bromobenzene and L-Cystine on the Bromine Content of Rat Hair 
Bv B Spencer and R T {Departments of Biochemistry, University of Liverpool and St 

Mary's Hospital Medical School, University of London) 


»r object was to find out how orally administered 
compounds could be made to appear m the hair or 
^ in Compounds u Inch might appear m the hair are 
lose known to conjugate with cysteme A study 
■"OS therefore made of the effect of feeding varying 
amounts of t-ej'stme and bromobenzene on the 
roinme content of the hair of albmo rats Six 
^upa of four rats (?) wore kept on a normally 
equate diet At the begmnmg of the experiment 


the hair of all rats was removed under anaesthesia 
with electnc clippers Groups I-V received PhBr 
and groups I-IV, L-cystme Groups VI were controls 
recemng no PhBr or cystme IJnne was collected 
dady and pooled 3-day urmes analyzed for_p-bromo- 
phenylmercaptunc acid After 30 days, three rats m 
each group were lulled and the hair, hver and thigh 
muscles analyzed for Br, and the hair for cystme 
Tlie 4th rat m each group was kept for another 

d2 
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Percentage 





Cystme 


PhBr 



Added to diet (g /lOO g ) 

content of 

excreted as 

Weight, 


/ 

K 

\ 

hau on 

mercaptnno 

gain or loss 

Group 

L- Cystine 

Bromobenzene 

30th day 


acid 

on 30th day 

I 

02 

06 

13 13 


27 

Shght gam 

n 

04 

10 

13 18 


31 

Shght gam 

m 

07 

1 6 

13 26 


29 

Shght gam 

IV 

1 0 

20 

13 28 


28 

Shght loss 

V 

0 

1 6 

12 29 


14 

Loss 

VI (controls) 

0 

0 

1316 


— 

Shght gam 



Table 2 






Bromine eontent of tissues (pg /g ) 

A 



( 

On 30th day 

A 



On 44th day 

A 


Group 

t 

Hau 

Muscle 

\ r 

liiver 

Hair 

Muscle 

Liver 

I 

149 

136 

106 

166 

71 

68 

n 

178 

122 

166 

206 

69 

69 

m 

174 

147 

161 

214 

74 

71 

rv 

236 

173 

168 

296 

93 

78 

V 

606 

112 

101 

702 

64 

64 

VI (controls) 49 

28 

36 

47 

27 

37 


14 days, but during tins period received no PliBr or 
extra cystine On the 44th day these were killed and 
the tissues analyzed 

The foUowmg points are to be noted 
(o) The cystine content of the hau* of group V 
suggests cysteine msufficiency, whereas groups 
I-IV and "NnE are normal 

(b) Group V produce less mercapturic acid than 
the others 

(c) The Br contents of the hair, muscle and hver of 
groups I-IV are of the same order, but are higher 
than controls 

(d) Tlie Br content of the hair of group V is much 
higher than other groups, whereas the Br content of 


muscle and hver of group V is similar to other 
groups 

(e) Withdrawal of PhBr results m a drop in 
muscle and hver Br, but hair Br remains high m all 
groups 

The results suggest that Br appears in the hair in 
relatively large amounts when the cystme of the diet 
IS msufScient to cover the needs of both detoxication 
and normal requirements It is possible that the 
C 3 ^teme of the hair is slightly replaced bj’’ p bromo 
phenylcysteme, but tlus has not j’^et been proved If 
this were so the hair of group V would contam about 
210 mg % of p-bromophenylcysteme on the 30th 
day and about 240 mg % on the 44th day 


Mechanism of the Aerobic Oxidation of Reduced Gozymase by Heart Muscle By E C Slateb 
(Austrahan National University Fellow) {MoUeno InshhUe, Universtty of Gawhndge) 


While it is generally accepted that the aerobic 
oxidation of reduced C02ymase (CoHa) by tissues 
requires diaphorase and cytochrome oxidase, there 
IS no agreement concermng the components of the 
cytochrome system mvolved (Dewan & Green, 
1038, Lockhart & Potter, 1941 , Okuniki & Yakushiji, 
1940) 

CoHj, added to Kedm & Hartree’s (1947) heart- 
muscle preparation, imder anaerobic conditions, im- 
mediately and completely reduced cytochromes c 
and o A very famt b band appeared shortly after- 
wards The bands disappeared immediately on 
admittmg air It is concluded that cytochromes c 
and a, but not b, are directly mvolved m the oxida- 
tion of CoHj 

The rate of oxidation of CoHj by heart-muscle 


preparation was found, by measurement of the rate 
of the decrease of the optical density at 340 m ft m a 
Beckmann spectrophotometer, to be eqmvalent to a 
Qq (/il Oa/mg fat-free dry wt /hr ) of 135 at 20° and 
pli 7 3 This IS about the same as the succimc 
oxidase activity of this preparation The oxidation of 
OoHj was almost completely mlubited by cyanide 
and azide and restored agam by the addition of 
methylene blue The rate wsis decreased to 6 % of the 
control by sha kin g the heart-muscle preparation with 
B AT. , m au, at 19° under conditions winch caused 
the complete mactivation of the succmic oxidase 
system Treatment with BAL did not affect the 
oxidation of C 0 H 2 by the heart-muscle preparation 
m the presence of azide and methylene blue BAL, m 
the absence of au, had no effect The most probable 
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explanation of these findings is that the oxidation of 
CoHj requires the same factor which has previously 
been shown to be required for the reduction of cyto- 
clirome c by cytochrome b m the succimc oxidase 
gj'stem, and wiuch is destroyed by certam reduemg 
agents in the presence of air (Slater, 1948, 1949) 

CoH, was oxidized anaerobically by fmnarate m 
the presence of the heart muscle preparation at a 
rate 1-2% of that of the aerobic oxidation of CoH^ 
Tins anaerobic reaction was inhibited by malonate 
and by treatmg the preparation with BAL m air 


The famt b band, which appeared on addmg CoHj 
to the preparation under anaerobic conditions, 
disappeared on adding fumarate 

On the basis of these experiments, the coenzyme 
and succmic oxidase systems may be formulated 
as follows, the arrows mdicatmg the direction of 
hydrogen or electron transfer 


CoH, -y Disphorase M B 




Sucemate 


// 
■ oyt b 


;Factor->cyt c->oyt a 


> 0 , 

oyt. 0, 

^ 0 , 
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Non-utilization of Labelled GO, and Formate for the in vitro Synthesis of Haem by Surviving 
Fowl Ersdhrocytes ByA W J Button, R Bentley and C Rdungton (Department of Ghemical 
Paifiohgy, UmversUy CoUege Hospital Medical School, W O 1, and the National InstiiiUc for Medical 
Rcsear^, Hampstead, NWS) 


The nitrogen atoms of heiemm are known to be 
domed from glycme (Shemin & Rittenberg, 1946) 
and the methylene carbon atom of this ammo acid 
(Altman, Casarett, Masters, Noonan & Salomon, 
1948), but not the carboxyl carbon atom (Grinstem, 
Kamen A, Moore, 1948), is also specificaliy utihzed m 
the hsemm synthesis Bloch & Rittenberg (1946) 
earlier presented evidence that significant amounts 
of deuterium are mcorporated mto the haemm of 
rata fed deutenoacetate Apart lErom this, not hin g is 
known with certamty concemmg the precursors of 
tile carbon atoms of the baemm molecule 
hecently, Armstrong, Schubert & Lmdenbaum 
(1948) implanted a tablet of Ca^^CO, mto a rat, and 
from the findmg that could be detected m the 
blood haemm, concluded that there was a significant 
incorporation of mto tins substance In view of 
tho low actmty of the haemm obtamed m this ex- 
pernnont, such an inference seemed to us open to 
question, and we have therefore sought direct 
ondenco by another method 


Shemm, London & Rittenberg (1948) have shown 
that the nucleated erythrocytes of ducks’ blood wiU 
contmue to synthesize haemm in vitro firom labelled 
glyome We have used chicken blood which we find 
behaves m a similar manner Neither con- 

stitutmg 6 % by volume of the gas phase above the 
cells, nor labelled formate added m the proportion of 
26 mg of H^®COONa to 2 6 ml of blood was utilized 
for haemm synthesis durmg 24 hr at 37° Webebeve, 
therefore, that the mcorporation observed by 
Armstrong et al (1948) was due rather to a general 
labelling of metabobc mtermediates than to a direct 
specific utilization 

Assummg that the survivmg fowl erythrocyte is 
capable of carrying out the CO, fixation reactions 
which have been demonstrated with many other 
types of cell, we may argue that molecules such as 
pyruvate, oxalacetate, ketoglutarate, etc , are un- 
likely to be precursors of the carbon atoms of the 
haemm molecule synthesized by this system 
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N-(a-naphthyl)-ethylenediamiae The PAS con- 
centration IS determined separately by the p- 
dunethylammobenzaldehyde method and then, 
from standard curves of sulphetrone and PAS 
prepared by the diazotization method, a correction 
for the PAS concentration may be made and the 


concentration of sulphetrone m the presence of 
PAS calculated 

Mixtures of P A S and sulphetrone added to 
blood gave recoveries of 94-110% for PAS and 
90-116 % for sulphetrone 
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Studies on a Bacterium needing Long- Chain Unsaturated Fatty Acids for Growth By M R 

Pollock, G H Howabd and B W Bottghton {Medical Besearch Council Unit for Bacterial 
Chemistry, Lister Institute, London, S IF 1) 


A diphtheroid bacterium (provisionally labelled 
‘ Corynebactenum Q ’) isolated as a chance contami- 
nant m the laboratory was found to grow very poorly 
on ordmary tryptic meat agar with or ivithout blood 
In the presence of 1 26,000 oleic acid, however, 
growth was luxuriant Further experiments in a 
chemically defined medium containmg 18 ammo- 
acids and 16 growth factors showed that its need for 
oleic acid was absolute, and the total yield of cells 
weis directly proportional to the amount of oleate 
added, between concentrations of 0 5 and 10 gg /ml 
Elaidic, petrosehmc, hnoleio, Imolenic and palmi- 
toleic acids could each replace oleic acid almost 
quantitatively, although the last three were in- 
hibitory m Ingher concentrations ccf Oleic, ricm- 
oleic, erucic and brassidic acids were aU mactive All 
saturated fatty acids tested (lauric, myristic, 
pahmtic, stearic, dibromosteanc and dihydroxy- 
stearic acids) were also qmte mactive 

Thus, this organism requires a fatty acid contam- 
mg at least one double bond Activity is still present 
when there is more than one double bond (hnoleic or 
hnolemc acids) though it is abolished by a hydroxyl 
group (ncmoleic acid) The position of the double 
bond relative to the carboxyl group is not higlily 
specific smce petroselimc acid (6 7) is nearly as 
satisfactory as oleic acid (9 10) The 2 3 isomer («|3- 
oleic acid), however, is mactive The configuration 


around the double bond is not critical, smce elaidic 
acid IS as active as its cis isomer (oleic acid) It is also 
possible to remove 2 (CH3) groups from the end of the 
oleic acid molecule (forming pahmtoleic acid) with- 
out greatly affectmg the activity 

The relationslnp between total growth and con- 
centration of oleate is sufficiently constant under 
appropriate conditions, to allow a fairly accurate 
assay of this compound m very small quantities 
(s D +5% between 2 0 and lOpg/ml), but the 
rather wide lumts of specificity mevitably reduce its 
value as an assay organism for oleic and other un- 
saturated fatty acids m biological extracts 

The essential nature of certam unsaturated fatty 
acids for the proper nutrition of a variety of 
orgamsms, rangmg from mammals and insects to 
fungi and bacteria, is now fairly well established 
However, so little is known about the functions of 
hpoids m micro organisms that it is impossible to 
decide whether these essential fatty acids are m- 
corporated mto the cell as such, or form some specific 
source of energy or merely have some physico- 
chenucal action — e g at the cell surface It is hoped, 
however, that microanalysis of the hpid constituents 
of cells of ‘ Corynebactenum Q ’ grown m a synthetic 
medium with the various essential fatty acids 
mentioned above (m particular the ‘unnatural 
elaidic acid) may throw some light on this problem 


Metabolic Studies with 3-Methylglucose By P N Campbell * {Department of Biochemistry, Uni- 
versity College, London, W C 1) 

I 

Smce the oheimcal and physical properties of 3- a methoxyl group mto the, glucose molecule on C3 
methylglucose closely resemble those of glucose it affected its metabohsm m the body 
was of mterest to detenmne how the mtroduction of For this purpose a 60 % aqueous solution of 3- 
* Present address National Institute for Medical methylglucose was fed to starvmg rats by stomach 
Ecsearoli, Hampstead, London, NWS tube Control experiments under similar conditions 
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were earned out in which a 60 % aqueous solution of 
glucose or, alternatively, water was fed After a 
3 Ivr absorption jieriod the rats were killed and the 
glycogen content of the liver and carcass determined 
Tliemethoxyl content of the glycogens and their acid 
hydrolysates was estimated Estimations were also 
earned out to determine the extent of the absorption 
of the sugar from the mtestme and its concentration 
m the blood and m the urme Tlie results showed that 
the liver and carcass glycogen level m the rats fed 
3 metbylglucose was not significantly different from 
that of the rats winch only received water The 
methoxyl content of the acid hydroljrsates of the 
glycogens of the 3 -metbylglucose -fed rats was not 
significantly greater than that from the other groups 
These results suggest that 3 -metbylglucose is not 
converted to glycogen m the rat and that a methy- 
lated polysaccharide is not formed The estimations 
on the gut contents after the absorption period 
showed that not more than 10-15 % of the sugar 
remnmed unabsorhed More extensive studies on 
tins pomt have previously been reported (Campbell 
<L Dai'son, 1948) A reduemg sugar was foimd m the 
urine 

There was no mcrease m the methanol content of 


the urme of rats fed 3 -metbylglucose When 3- 
methylglucose was given as a 6 % solution by mtra- 
pentoneal mjection unchanged sugar m the urme 
was demonstrated by the preparation of an osazone, 
the crystal structure of winch closely resembled that 
of 3-methylglucosazone An average of 92 % of the 
administered sugar was found m the urme It is 
concluded that not more than about 10% of the 
a dmin istered 3 -metbylglucose can be metabolized m 
the rat 

By estimatmg the loss of reduemg power of a 
glucose solution during fermentation •with baker’s 
yeast m the presence and absence of 3 -methyl- 
glucose, it was found that the latter did not affect the 
rate of fermentation of glucose by yeast Similarly 
3-methylglucose failed to inlnbit the synthesis of a 
polysaccharide from glucose -1 -phosphate with a 
crystaUme muscle phosphorylase preparation, m 
contrast ■with glucose (Con, Con & Green, 1943, 
Campbell & Creasey, 1949) 

Tliese experiments show that the mtroduction of 
a methoxyl group mto the glucose molecule at C3 
profoundly affects the metabolism of the substance 
m the animal bodj'^ 
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he Effect of Gocarboxylase and of Oxygen on the Formation of Citrate and a-Ketoglutarate 
by Pigeon-Brain Homogenates By R V Coxon (Betty Brookes Fellow) and R A Peters 
{Department of Bwclieimstry, Umversxty of Oxford) 


It has been suggested (cf Wood, Workman, Hemmg- 
ft! Nier, 1942) that a 7 -carbon compound may be 
on imtml stage m the formation of citrate from the 
con ensation of pjnuvate and oxalo acetate m 
ouimal s's stems, rather than a 6 carbon acid ansmg 
J 1 10 combination of an active 2-carbon derivative 
c P^Tu\ ate ivith the oxalo acetate Usmg dialyzed 
lomogenates (‘dispersions’) of brains obtamed from 
L^/i P'Seons as m pre-vious work (Coxon, 
cq Peters, 1949) we have found that these 


preparations form more citrate when meubated in an 
atmosphere of air than m mtrogen If dispersions 
from Bi-a-vitammous birds are employed, the addi- 
tion of cocarboxylase in mtro mduens a further in- 
crease m citrate production, while a similar relation- 
slup holds also for a-ketoglutarate Tins e-vidence 
supports the view that, m this system, oxidative 
decarboxylation -with the formation of a 2 carbon 
fragment is a definite step m the metabolism of 
pymuvate 
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Quantitative Paper Partition Chromatography 

Biochemistry, University of Oxford) 

The logarithmic relation between the area of the 
coloured spot on the one-dimensional paper partition 
chromatogram and the amount of the particular 
substance placed on the paper which was described 
by Fisher, Parsons & Morrison (1948) has been made 
the basis of a method of assay of ammo acids The 
assay procedure mvolves simultaneous develop- 
ment, on the same paper, of chromatograms of four 
samples of equal volume, two of the unknown and 
two of standard solutions, the ratio of the concentra 
ti ons of the two unknowns bemg the same as the ratio 


By R B Fisher and R Holmes {Department of 


of the concentrations of the two standards From 
the areas of the coloured spots produced the log of 
the ratio of concentrations of correspondmg standard 
and unknown solutions can be obtamed without 
prior calibration With adequate replication the 
range of error m the present state of the method is 
±5%, when applied to samples contammg 1-2 fig 


NHa N 

A rapid photoelectric method of spot area mea- 
surement is described 
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Paper Chromatography of Liver Extracts By G E Shaw (Evans Biological Institute, Runcorn, 
Cheshire) 


Cuthbertson & Lester Smith (1949) described a 
method of applymg paper chromatography to liver 
extracts They developed the chromatogram with 
butanol saturated with water, and demonstrated 
several growth factors for Lactobacillus lactis Domer 
by an impress technique on agar plates The present 
mvestigation is concerned with the quantitative 
aspect of paper chromatography as apphed to hver 
extracts A quantity of liver extract correspondmg 
to about 0 06 gg Bjs m 0 006 ml is placed on a strip 
of no 1 Whatman filter paper 1 cm wide The strip 
IS suspended m a glass cyhnder contammg butanol 
saturated with water, the whole protected from 
hght, allowed to develop for a smtable period by 
capillary migration, coupled with evaporation at the 
advance front The strip is then cut mto smtable 
lengths, these sections are extracted with water and 
the extracts assayed for Bjo activity To determme 
the proportion of total Domer activity which 
migrates at a speed greater than that of nboflavm, 
a spot of nboflavm is placed under the hver extract 
spot and developed for 48 hr Tlie nboflavm will then 
have imgrated to an extent of about 6 cm , whereas 
the advance front will be about 13 cm from the 
imtial spot The stnp is bisected at the riboflavin belt 
The volume of water used to extract the sections 
depends on the amount of Bjj activity expected for 


each section which is determmed by prelimmary 
titration For a complete ‘spectrum ’ it is necessary, 
under the conditions m these laboratories, to de- 
velop the strip with butanol for 14 days or eve 
longer, when almost all activity will have left tht. 
spot, a sharp peak found at a distance of abou 
3 cm with the advance front about 13 cm The stnj 
IS dried and cut into portions 0 6 cm long Tlie 
hqmd medium is used for assay The basal medium 
consistmg of acid hydrolj'xed casern, 0 1 % Tween 80, 
the usual salts and wtamins as for Lh hdveticus, is 
autoclaved at pH 6 6 Glucose, T J supplement and 
vitamm Bjj preparation are added aseptically The 
moculum is a dilute suspension (opacity one-fiftli) of 
young actmty growmg Lb lactis Domer Incuba- 
tion 18 for 1 6 hr , after winch the opacity is read on a 
Spekker The T J supplement used is a concentrate 
of the fraction of potato extract soluble m 50 % but 
insoluble m 80 % ethanol, which gives a very low 
‘blank’, the amount per tube is 1-2000 on final 
medium Summation of the amounts of Bja activity 
m each mdividual section show fairly good recovery 
of the total amount placed on the spot For the 
majority of liver extracts exammed, no significant 
percentage of total activity has been found to 
migrate faster than riboflavm 
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DEMONSTRATION 

Isolated Nuclei from Cells of the Cerebral Cortex By D Riohteb and R P HuiiUN {Neuro- 
psychiatnc Research Centre, Whitchurch Hospital, Cardiff) 


A method is given for the preparation m quantity of 
the nuclei of the cells of the cerebral cortex The 
method depends on repeated differential centrifuga- 
tion at veuymg speeds after breakmg up the cells by 
grmdmg with ice m dilute citric acid solution ( 100 g 
tissue , 200 g ice , 20 ml 1 1 % citric acid solution) 
It IS similar to the procedure described by Bounce 
(1943) for the isolation of nuclei from hver cells, 
but which Musky & PoUister (1946) found mapphc- 
able to nervous tissue 


The method now described has been apphed to the 
rabbit bram and to fresh human post-mortem 
material It is mil d enough to leave most of the 
enzymes of the tissue mtact, and it is therefore 
apphcable to studies of the distribution of enzymes 
and other labile substances m the ceU Nuclei from 
the human cerebral cortex were foimd to contam a 
particularly active alkahne phosphatase, which is 
present m higher concentration m the nuclei than m 
the cytoplasm of the cell 


REFERENCES 

Dounce, A L (1943) J bwl Ghetn 147, 686 

Mirsky, A E & PoUister, A W (1946) J gen Physiol 30, 117 



FORTHCOMING PAPERS 


It IS hoped to pubhsh the following papers m the next issue of the Biochemical Journal 

A comparative study of the succimo dehydrogenase c 3 dochrome system in heart muscle and in kidney By E C 
Slater 

The action of inhibitors on the system of enz 3 mies which catalyse the aerobic oxidation of succmate By E C 
Slater 

A respiratory catalyst required for the reduction of C 3 dochrome c by cytochrome b By E C Slater 

Nitrogen m human dental enamel By D J Aederson 

Interrelationship of certam vitamms of the B group in aneurm, riboflavin and biotm deficiepcies By K Bhagvat 
and P Devi 

The fractionation of v eak electrolyte mixtures by ion exchange resins By C W Davies 

Duect transformation of fumarate to oxaloacetate, without mtermediate formation of malate, by Closlndtum 
saccliarobutyrtcum, stram GR4 By Germaine Cohen-Baeire and G N Cohen 

The fate of certam orgamo acids and amides in the rabbit 8 Toluic acid and amides By H G Bray, W V Thorpe 
and P B Wood 

Properties of the acid phosphatases of erythrocytes and of the human prostate gland By M. A. M. Abul Fadl and 
E J King 

The micro and ultramicro detenmnation of chlorme m orgamo compounds By J D Judah 

Studies m detoxication 26 The characterization of phenylglucuromde, and its rate of hydrolysis compared with 
that of phenylsulphunc acid By G A Garton, D Robinson and R T Williams 

Some effects of glucose and cidcium upon the metabohsm of kidney shces from adult and newborn rats By J R 
Robinson 

A new manometnc method for determination of respiratory quotients By H Laser and Lord Rothsohild 

The estimation of trichloroethylene m blood By F H Brain and P J Helliwell 

Vitamm P m By S S Zilva 

The rmcro estimation and ongm of methylamine m Mercurmlw perennia L By B T Cromwell 

The metabohsm of the ammo sugars I The breakdown of N acetylglucosamme by strams of Streptococcus hae- 
molyticus and other streptococci By H J Rogers 

The kmetics and specifioities of dearmnation of mtrogenous compounds by X-radiation By W M Dale, J V 
Davies and C W Gilbert 

An mvestigation of the mtraceUular flmd of calf embryo muscle By A H Gordon 

The effect of dietary oleic and pahmtio acid on the composition and turnover rates of hver phosphohpids By 
I G Campbell, June Olley and M Blewbtt 

Renal function as affected by experimental unilateral kidney lesions 2 The effect of oyamde ByT F Nicholson 






